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FOREWORD 

The  SPS  System  Definition  Study  was  initiated  in  June  of  1978.  Phase  I  of  this  effort  was 
completed  in  D^ember  of  1978  and  was  reported  in  seven  volumes  (Boeing  document  number 
DIEO.25037.1  through  -7).  Phase  II  of  this  study  was  completed  in  December  of  1979  and  was 
completed  in  five  volumes  (Boeing  document  number  D1S0-2546U1  through  -5).  The  Phase  III 
of  this  study  was  initiated  in  January  of  1980  and  is  concluded  with  this  set  of  study  results 
puWbhed  in  five  volumes  (Basing  document  number  0180-25969-1  through  -5): 

Volume  i  •  Executive  Summary 
Volume  2  -  Final  Briefing 
Volume  3  «  Laser  SPS  Analysis 
Volume  4  -  Solid  State  SPS  Analysis 

Volume  5-  Space  Transportation  Analysis 

These  studies  are  a  part  of  an  overall  SPS  evaluation  effort  sponsored  by  the  U.  S.  Depart¬ 
ment  of  Energy  (DOE)  and  the  National  Aeronautics  and  Space  Administration  (NASA). 

This  series  of  contractual  studies  v.t> re  performed  by  the  Urge  Space  Systems  Group  of  the 
Boeing  Aerospace  Company  (Gordon  Woodcock,  Study  Manager).  The  study  was  managed  by 
the  Lynden  B.  Johnson  Space  Center.  The  Contracting  Officer  is  David  Bruce.  The  • 
Contracting  Officer's  Representative  and  the  study  technical  manager  is  Tony  Redding. 

The  subcontractors  on  this  study  were  the  Grumman  Aerospaxe  Company  (Ron  McCaffrey, 
Study  Manager)  and  Math  Sciences  Northv^esi  (Dr.  Robert  Taussig,  Study  Manager).  . 


1 


D180-25%9-5 


TABLE  OF  CONTENTS 


l.O  INTRODUCTICM . 

1. 1  PROBLEM  STATEMENT 

1.2  SUMMARY  OF  OPTIONS 


Page 

I 

I 

3 


2.0 


SMALL  HLLV  ANALYSIS . . . .  •  •  5 

2.1  SIZE  AND  configuration  SELECTION  . .  5 

2.1.1  Pa yloaJ  Volume  and  Mass  Considerations .  5 

2.1.2  Performance  and  Scaling  Considerations  ..........  5 

2.1.3  Configuration  Options  and  Selection  15 

2.2  VEHICLE  ANALYSIS  . . 

2.2.1  Trajectory  Analyses  and  Vehicle  Optimization .  19 

2.2.2  Aero  . . 19 

2.2.3  Mass  Properties  . .  “ 

2.2.4  Performance  . .  ‘2 

■79  s  Hf  LV  Scenario  22 

2.3  THE  EFFECTS  OF  A  S.MALL  HLLV  ON  PAYLOAD  PACKAGING, 

SPS  CONFIGURATION,  GROUND  AND  SPACE  FACILITIES, 

AND  OPERATIONS . . **••!! 

2.3.1  Small  HLLV  Packaging  Parameters  .  . . '  it 

2.3.2  Effects  on  SPS  Program  Elements  ............  36 

2.3.2.1  Supporting  Analysis . ^ 

2.3.2.1.1  Cargo  Packaging  Analysis  .  ..........  3o 

2.3.2. 1.2  GEO  Base  Impacts  from  Smaller  HLLV.  .....  55 

2.3.2. 1.3  Alternative  Launch  and  Recovery  Site  Concepts  .  64 

2.3.3  Conclusions . ^ 

2.4  ESTIMATE  OF  DELTA  ENVIRONMENTAL  EFFECTS . .  'I 

2.4.1  Introduction. . .  . . 

2.4.2  Launch  and  Entry  Overpressure  .............  71 

2.4.3  Launch  Noise  . .  74 

2.4.4  Explosive  Hazard  Due  to  the  Proprdiant  Combinations.  ...  74 

2.4.5  Effluent  Defxjsition  in  Upper  Atmosphere  . . .  •  SI 

2.4.6  Summary . 81 

2.5  cost  Analysis  . . * 

2.6  CONCLUSIONS/RECOMMENDATIONS .  -89 


3.0  SHUTTLE-DERIVED  TRANSPORTATION  SYSTEM  ANALYSIS 

3.1  INITIAL  CONCEPT . . 

3.2  ANALYSIS . . 

3.3  CONCLUSIONS . . 

4.0  ELECTRIC  ORBIT  TRANSFER  VEHICLE  ANALYSIS  .  .  .  . 

4.1  INTRODUCTION . . 

4.2  THERMAL  EFFECTS . . . 

4.3  MAGNETOSPHERE  ALTERATIONS . . 

4.4  PERFORMANCE  UPDATE . .  ■  • 

4.5  MASS  AND  COST  ESTIMATES . .  •  •  • 

5.0  TECHNOLOGY . . . 


90 

50 

92 

98 

106 

ID6 

106 

109 

109 

112 

122 

1-23 


ii 


6.0  CONCLUSIONS 


Dl80-2596»-5 

TABLE  OF  CXJr*}TENTS  (Continued) 

Page 

7.0  RECOMf^ENDATIOWS  . . 125 

8.0  REFEREES . 126 

APPENDIX  A  . . 127 

APPENDIX  B  .....  . . 133 


D180-25969-5 


db 

D180-25969-5 

ABBREVIATIONS  AND  ACRONYfeiS 

Decibels 

EOTV 

Electric  Orbit  Transfer  Vehicle 

ET 

External  Tank 

Ft 

Foot 

CEO 

Ceosynchronous  Earth  Orbit 

CLOW 

Cross  Liftoff  Weight 

HLLV 

Heavy  Lift  Launch  Vehicle 

Isp 

Specific  Impulse 

3SC 

Johnson  Space  Center 

K 

Kilo 

kg 

Kilogram 

L/D 

Length/Diameter  ratio 

LEO 

Low  Earth  Orbit 

LFJ, 

Liquid  Hydrogen 

1  «N 

o 

Liquid  Oxygen 

M 

Meters 

MPD 

Magneto  Plasma  Dynamic 

MT 

Metric  Ton  =  1000  Kilograms 

M/S 

Meters  per  Second 

MSFC 

Marshall  Space  Flight  Center 

$M 

Millions  of  dollars 

NM 

Nautical  Miles  =  6076  ft. 

potV  ■ 

'  Personnel' Orbit  transfer  Vehicle 

psf 

Pounds  per  Square  Foot 

SOC 

Space  Operations  Center 

SPS 

Solar  Pov/er  Satellite  or  Space  Power  System 

SSME 

Space  Shuttle  Main  Engine 

SI 

Standard  Internationale 

TFU 

Theoretical  First  Unit  cost 
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TRANSPORTATION  SYSTEMS  ANALYSES 
1.0  INTRODUCTION  AND  SUMf4ARY 

This  rcjwt  (tescribes  an  investigation  of  alternative  transportation  options  for  the  solar 
power  satellite.  The  options  include  alternative  Earth-to-Orbit  transportation  and  further 
lamination  of  electric  orbit-to-orbit  systems.  Where  the  influences  on  the  SPS  and  the 
transportation  costs  are  discussed,  the  DOE/NASA  silicon  reference  SPS  (Reference  7)  has 
been  assumed. 

1.1  PROBLEM  STATEMENT 

The  earliest  studies  of  large  launch  vehicles  were  conducted  in  tte  mid-1960's  during  the 
development  of  Saturn  V.  With  the  initiation  of  shuttle  development,  such  studies  were 
for  a  time  drof^ed.  As  concept  development  for  the  solar  power  satellite  began,  there 
again  developed  an  interest  in  large  launch  vehicles.  Boeing  developed  a  concept  of  a 
500,000  lb.  payload  single  stage-to-orbit  ballistic  vehicle  in  197<>.  It  used  dual-fuel 
propulsion  with  oxygen-hydrocarbon  and  oxygen-hydrogen  engines.  A  later  study,  funded 
by  NASA-3SC  and  MSFC,  examined  heavy  lift  launch  vehicles  and  concluded  tlvat  staged 
ballistic  configurations  would  have  a  cost  advantage  over  single  staged  systems.  At  that 
time  SPS  payloads  were  thought  to  have  very  low  density,  on  tl»  order  of  20  kilograms  f>er 
cubic  meter.  Consequently,  the  configurations  of  that  time  period  employed  very  large 
expendable  sfyouds. 

Development  of  space  fabrication  concepts  improved  the  payload  density  to  about  _75 
kilograms  per  cubic  meter  and  the  launch  vehicles  were  resized  in  response.  3SC,  in  1977, 
developed  a  v/inged  vehicle  concept  for  horizontal  land  landing.  A  comparative 
assessment  of  this  versus  the  sea-landing  ballistic  system  showed  that  the  land  lander 
would  be  operationally  preferable  and  about  equal  to  cost  to  the  ballistic  system,  but  that 
the  specific  configuration  had  inadequate  payload  volume.  It  was  subsequently  reconfig¬ 
ured  to  increase  payloa<d  volume  and  became  the  reference  system.  The  evolution 
discussed  here  is  shown  in  Figure  1.1-1. 

During  all  of  this,  the  question  of  the  "right”  vehicle  for  SPS,  especially  the  "right  size," 
was  never  specifically  raised.^  The  aims  of- the  studies  were  to  evaluate  the  perfonnance 
and  cost  potentials  of  large  vehicles  and  to  compare  winged  runway  landers  with  ballistic 
sea  landers.  (Winged  vehicles  were  selected  for  their  better  operational  characteristics, 
i.e.,  shorter  turnaround  time.) 

The  reference  SPS  HLLV  has  an  estimated  payload  capability  of  420  metric  tons  and  a 
liftoff  mass  of  1 1,000  metric  tons.  It  Is  between  ii  and  4  times  as  massive  as  the  Saturn  V 
moon  rocket  and  nearly  six  times  as  massive  as  ttie  Space  Shuttle.  Its  large  size  and 
development  cost  have  become  an  SPS  cost  issue.  Further,  it  is  too  large  to  be  on  an 
evolutionary  path  from  the  Shuttle.  (It  does  use  the  5SME  in  the  second  stage.)  ^  , 


'*An  early  parametric  study  by  Dan  Gregory  of  Boeing  illustrated  that  an  economically 
optimal  size  exists  and  suggested  a  range  of  200  to  500  metric  tons  payload  for  the 
(then)  SPS  scenarios  of  20,000  megav/atts  per  year  or  more  (the  present  DOE  scenario  is 
10,000  megawatts  per  year).  •_ 
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The  utility  of  smaller  vehicles  is  an  important  question  for  the  SPS  evaluation  studies  now 
nearing  completion.  Accordingly,  this  study  evaluated  a  ''small"  HLLV.  Issues  examined 
included  performance,  sizing,  influence  on  SPS  hardware  packaging  and  construction 
operations,  commonality  with  Shuttle  subsystems  and  nonrecurring  and  recurring  cost. 

1.2  SU6SMARY  OF  OPTIONS 

There  is,  of  course,  no  limit  to  the  number  of  configurations  and  size  options  for  launch 
vehicles.  Figure  1.2-1  illustrates  some  of  the  winged  and  ballistic  evolutionary  paths  that 
have  been  conceived.  (The  winged  HLLV  at  tlie  lower  right  is  the  reference  vehicle).  A 
range  of  sizes,  payload  volume  and  mass  capabilities,  and  degrees  of  reusability  are 
shown.  This  figure  was  originally  prepared  about  two  years  ago  to  illustrate  evolution 
potentials.  At  that  time  little  work  had  been  done  on  SPS  development  approaches  and 
none  of  the  alternatives  were  investigated  in  any  depth. 

The  reference  orbit-to-orbit  system  is  an  electric  orbit  transfer  vehicle  of  roughly  300 
megawatts  power,  <»000  tons  delivery  transfer  payload,  using  argon  as  propellant  for  its 
ion  engines.  Recently,  issues  have  been  raised  as  to  (1)  thermal  effects  on  array 
performance  in  low  Earth  orbit;  (2)  sensitivity  of  tlie  system's  cost  and  life  to  radiation 
degradation  of  tl>e  array  and  degree  of  annealing  possible;  (3)  possible  environmental 
effects  arising  from  injection  of  argon  ions  into  the  Earth's  magnetosphere.  Accordingly, 
it  was  deemed  desirable  to  perform  a  sensitivity  analysis  on  the  reference  EOTV  and  to 
re-open  tte  question  of  chemical  (LO-ZLH-)  orbit  transfer  systems,  especially  options 
that  might  be  derived  from  Shuttle  hardwarer 
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2.0  SgmtL  HEAVY  LIFT  LAUMCH  VEHICLE 


The  present  day  use  of  tic  term  "Iveavy  lift"  connotes  a  launch  system  with  a  payload 
capability  substantially  greater  than  the  30  tonnes  of  the  Space  Shuttle.  A  "small"  heavy- 
lift  system  is  a  large  vehicle;  the  term  "small"  is  comparative  to  the  very  large  SPS 
reference  system. 

2.1  SaSEAWOCOiWIGUi^ATKJMSELECTfOM 

A  preliminary  investigation  was  carried  out  to  select  the  appropriate  size  range  and  adopt 
a  configuration  approach. 

2.1.1  Psyl^d  Volisne  and  Mass 


Certain  of  tte  hardware  items  in  the  reference  SPS  system  were  sized  to  take  advantage 
of  the  large  (17-rn  diameter  by  23-m  length)  payload  bay  of  the  reference  launch  vehicle. 
Principal  items  arc  the  electrical  rotary  joint  (slip  ring)  and  the  crew  habitats  of  ttso 
orbital  bases.  Clearly,  a  smaller  payload  bay  volume  will  impose  psnalties  on  these 
elements  of  the  system  and  require  added  construction  labor  in  space.  The  realizable 
reduction  of  size  of  the  launch  vehicle  without  reduction  of  the  large  payload  bay 
envelope  would  be  extremely  limited.  Accordingly,  it  was  necessary  to  make  a  reasonable 
judgment  as  to  how  much  envelope  reduction  could  be  accommodated  by  SPS  systems 
witteut  excessive  penalties.  The  eisctricai  slip  ring  cannot  be  made  appreciably  smaller, 
given  tite  existing  requirements  for  currents,  number  of  busses,  and  voltages.  It  is, 
however,  s  onc-per-SPS  unit  end  cn-orbit  assembly  steuld  not  be  an  inordinate  penalty 
with  proper  d&sign.  A  smaller  crew  teiif-tat  wilMsoucc  fewer  .crew  per  imit,  but  there  is 
rvothing  s|Mjcis!  "about  the  lOO-m&fs  reference  capacity.  Smaller  habitats  will  incur 
operatiortsi  inccnvenlences  but  will  prevido'  rtonrecurrlng  cof4  reductions  -and  may  avoid 
the  necessity  (presently  shown  in  tte  reference  SPS  development  scenario)  to  develop  an 
intermediate-sized  habitat  (iarger  than  SOC  but  smaller  than  the  ultimate  article)  for  a 
demonstrstion  project.  •  • 

Based  on  these  and  similar  considerations  it  was  concluded  that  the  limiting  article  is  tlw 
power  transmitter  subarray.  There  are  more  than  7000  of  tfiso  units  for  each  SPS,  they 
include  most  of  the  electronic  complexity  of  tlie  SPS  (each  subarray  is  fed  by  reference 
phaiKs  and,  data  fiber-optic,  cables -and  by  power  supply  cfibics),  and  they  require  high- 
precision  tTifrchanicai  asscrnbly.  The  subarrsya  are  10.4  meters  square  by  about  30  cni 
thick.  Accordingly  it  was  decided  to  employ  a  square-cross-section  payload  bay  11  meters 
square,  with  some  convenient  length.  A  study  of  technology  requirements  for  Earth-to- 
GEO  transportation  system  (performed  by  Boeing  for  Langley  Research  Center)  developed 
configuration  concepts  for  HLLV's  in  the  200-tonne  payload  range,  control  configured 
without  centra!  vertical  tails  (Reference  S).  The  configurations  were  quite  amenable  to 
af t-iocated,squtire-cros5-soction  payload  bays.  It  was  decided  to  adopt  this  design 
approach. 

The  payload  bay  length  was  selected  on  the  basis  of  performance  and  scaling  considera¬ 
tions  anti  density  indications  from  previous  SPS  payload  packaging  studies.  The  effects  oi 
this  smaller  payload  bay  are  discussed  in  detail  in  Section  2.3. 

2.1.2  Performance  and  Scaling  Considcraitions 


The  preliminary  scaling  analysis  included  consideration  of  tfve  variation  in  structural 
efficiency  with  sta,ge  size  and  propellant  load.  Simplified  analyses  of  vehicle  perforniance 
are  often  based  on  the  assumption  of  constant  propellant  mass  fraction.  This  is  a  very 
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poor  assumption  for  this  class  of  vehicle.  A  better  scaling  rule  is  that  the  inert  mass  has 
a  fixed  and  variable  aspect.  The  variable  part  represents  mtiss  added  as  the  propellant 
load  is  increased.  The  fixed  part  is  constant  for  a  given  vehicle  diameter  but  varies  v/ith 
diameter  and  other  factors. 

For  this  analysis,  pritr  results  were  examined  to  select  the  "t  •  parameter  (factor  by  which 
propellant  load  is  multiplied  to  get  variable  inert  mass);  the  "a"  parameter  was  selected 
from  the  rough  plot  of  a  versus  the  square  of  diameter  sl'iown  in  Figure  2.1-1.  (It  is 
regarded  as  plausible  that  "a"  is  proportional  to  the  square  of  diameter). 

Based  on  the  SPS  reference  vehicle  and  the  smaller  vehicles  designed  by  the  study  for 
Langley,  values  of  "a"  were  estimated  as  140,000  kg  and  "b"  as  0.08  for  each  stage.  The 
"a"  value  corresponds  to  a  12-meter  tank  diameter.  The  stage  inert  mass  is  given  by: 

Mj  =  a  +  bMp 

where  M  is  mainstage  impulse  propellant  load.  Second  stage  inert  mass  includes  on-orbit 
maneuvCT  propellant  and  booster  inert  mass  includes  post-separation  and  flyback 
propellant.  Other  assumptions  are  given  in  Table  2.1-1. 

Initial  sizing  was  based  on  a  fixed  ideal  delta  v  to  injection  of  9200  m/sec  (30,183  ft/sec). 
Given  a  fixed  delta  v,  it  is  possible  to  represent  the  payload  ratio  ioc  a  parallel  -burn 
vehicle  without  crossfeed  as; 

where  r  is  the  ratio  of  orbiter  to  booster  thrust,  jj  and  {J  2  are  mass  ratios  of  the 
parallel  burn  and  orbiter  alone  burn  res{x?ctiveiy,  p^  is  the  booster  propellant  load,  and 
c^/c2  is  the  ratio  of  booster  to  orbiter  ISP- 

-  .  Jhe  Isp  of*  the  parallel  burn  is  given  by:  ;  •  *  * 

c  =  - — 


The  mass  ratios  for  each  burn  are  computed  from  the  Tsiolkovskli  equation, 


(In  SI  units  the  Isp  is  jet  velocity  in  rn/s.  In  conventional  units  Isp  in  seconds  should  be 
multiplied  by  g  in  the  Tsioikovskii  equation). 

For  a  series  burn  system,  the  payload  is  given  by 
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Figijr0  2. 1- 1  "A  "  Psremet&r  Scaling 
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These  equations  were  programmed  on  ...  -  minicomputer  to  plot  payload  and  other 
pertinent  parameters  versus  staging  velocity  for  a  range  of  tot^U  mass  values.  Results  for 
^rles  burn  are  shown  in  Figures  2.1-2  through  2.1-6.  Thi  parallel  burn  comparison  for 
4000  tonnes  liftoff  mass  is  sl>own  in  Figures  2.1-7  through  2.1-9. 

TIkj  optima  are  relatively  flat,  i.e.,  insensitive.  This  results  from  the  inert  mass  model. 
Use  of  a  constant  propellant  mass  fraction  (XO  results  in  sharper  optima.  Cost  optima 
will  be  at  higher  staging  velocities  than  mass  optima  because  (1)  LH2  expensive 

than  hydrocarbon;  (2)  orbiters  are  more  expensive  than  boosters. 

In  both  instances,  practical  considerations  require  a  staging  velocity  higher  than  the  mass 
optimum.  In  the  series  burn  case,  it  is  necessary  to  have  about  twice  the  propellant  load 
in  the  booster  as  the  orbitcr,  or  the  booster  becomes  too  short  to  arrive  at  a  reasonable 
configuration  (assuming  booster  tank  diameter  equals  orbiter  tank  diameter).  In  tlie 
parallel  bum  case,  tlic  available  thrust-to-mass  ratio  at  staging  forces  a  higher  velocity. 
In  both  cases  the  minimum  practical  values  is  about  2750  ni/s  ideal,  near  5000  ft/sec 
relative. 

The  ratio  of  payload  mass  to  liftoff  mass  improves  with  larger  vehicles  (as  one  would 
expect).  This  is  because  the  propellant  fraction  improves  as  propellant  load  is  increased. 
Figure  2.1-10  shows  t\)c  decrease  in  M./M^  as  liftoff  mass  is  increased.  Points  from  tl>e 
Langely  study  vehicles  arc  also  shown.  The  latter  assumed  parallel  burn  with  crossfeed 
(from  booster  to  orbitcr)  and  would  be  expected  to  perform  somewhat  better  than  the 
vehicles  represented  here. 

Based  on  these  results,  a  liftoff  mass  of  4000  tonnes  was  selected  for  a  point  design 
study.  The  payload  capability  anticipted  from  these  parametric  analyses  is  120  tonnes 
(series  burn)  or  100  tonnes  (oarallcl  burn).  SP5  packaging  studies  have  inc^cated  that 
payload  bay  density  (lift  capability/vclurne)  should  be  in  the  range  75  kg/M  to  100  kg/M  . 
The  forcing  function  is  the  relatively  low  density  of  transmitter  subarrays;  they  average 
much  less  than  75  kg/M^  but  by  mixing  subarrays  with  high-density  items,  an  average  in 
tl>s  range  stated  is  obtained.  At  120  tonnes  lift  capability,  an  li-mctcr-square  payload 
bay  cross-Sectibfr  requires  a  length  of  13.2  m  to  reach  75  kg/m  *  Anticipating  the  120 
tonnes  estimeUe  to  be  slightly  conservative,  a  length  of  i4m  was  selected.  Note  that  this 
payload  bay.  although  it  has  5.6  times  the  volume  of  the  shuttle  payload  bay,  is  actually 
about  4  meters  shorter.  Accordingly,  a  check  v/as  made  to  evaluate  tlxi  propellant 
capacity  of  an  orbit  Transfer  vechidc  constrained  to  these  payload  bay  dimensions.  Its 
propellant  capacity  was  limited  to  about  230  tonnes  see  Figure  2.3-2).  This  was  deemed 
adequate.  (More  volume-efficient  OTV  arrangements  are  possible). 


The  analysis  conducted  did  not  include  booster  flyback  range  as  a  parameter.  For  typical 
boosters,  flyback  propellant  is  10%  to  20%  of  inert  mass;  the  variation  of  flyback 
propellant  with  staging  conditions  is  a  significant  overall  optimization  parameter.*  Since 
staging  velocity  selection  was  dow’nwcird  -liniitcd  to  2750  m/s  (ideal)  by  otlier  factors, 
reducing  litaging  vctlocity  to  reduce  flyback  range  is  not  a  consideration.  Adjusting 
staging  angle  conditions  to  reduce  flyback  range  remains  an  op>tioru  Flyback  range  may  be 
approximated  by  the  following  algorithm: 


Orbit  senrumajor  axis; 


where  v  is  inertial  velocity,  r  is  radius  frorri  liartbi’s  center  at  staging,  and  ^  i;^  Larths 
geopotential. 
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Orbit  eccentricity  =  e  = 


t  Ci-'-taM*-}?)  5 


where  J  is  inertial  path  angle.  Our  trajectory  code  gives  only  relative  path  angle,  but 
both  reJative  and  inertial  velocities*  0  j  is  less  than  by  an  amount 

where  is  the  velocity  of  Earth  rotation,  ^  I4O7  m/s  at  KSC  ^  Vr*"  J 

Flyback  angle:  ex' a.? 

where  ^=cos“*  )  *3^ 

Flyback  range  =  Y  where  K  is  radius  of  E^th 


This  algorithm  is  plotted  parametrically  in  Figure  2.1-11.  The  downrange  distance  of  the 
staging  point  triust  be  added  to  get  total  flyback  range.  Since  range  varies  appreciably 
with  path  angle,  trajectory  depression  to  reduce  flyback  range  may  be  an  important 
consideration.  This  was  to  be  investigated  later  by  trajectory  analyses. 


■2.1.3  Configuration  Options  and  Selection 

The  coniiguration  options  examined  included  parallel  and  series  burns  vehicles.  Bv  prior 
agreement  with  JSC,  the  series  burn  vehicles  did  not  consider  crossfeed  (supplying  orbiter 
engines  from  booster  tanks  during  mated  flight).  The  advantage  and  disadvantages  of 
crossfeed  may  be  noted.  ^ 

Advantage 

o  .  Orbiter  propellant  fraction- is  improved  since  the  orbiter  tanks  need  not  accommo¬ 
date  orbiter  engine  propellants  consumed  during  mated  flight.  The  equivalent 
tankage  inert  mass  is  carried  by  the  booster,  whore  its  effect  on  payload  is  1/4  'o 
1/6  that  of  orbiter  inert  mass. 


Disadvantages 

(1)  Propellant  flow  to  orbiter  engines  must  be  "handed  off"  from  the  booster  to  the 

orbiter  just  prior  to  staging  without  interrupting  orbiter  engine  operation;  •  ' 

(2)  The  .3005 ter  must  be  configured  to  contain  three  propeliants,  i.e.,  0-,  CH,  (or  other 

hydrocarbon)  and  H2.  2’  4 

(3)  At  staging,  large-diameter  propellant  delivery  lines  between  the  booster  and  orbiter 
must  be  disconnected  safely;  if  those  lines  penetrate  a  heat  shield,  protective  doors 
must  be  closed.  (This  problem,  of  course,  exists  in  separating  the  exteVnal  tank 
from  the  space  shuttle  orbiter).  If  both  stages  are  reusable,  there  is  a  problem  of 
protiuding  lines,  presumably  from  the  booster.  If  the  lines  cannot  be  retracted  (this 
would  require  large-diameter  flex  joints)  it  may  be  necessary  to  employ  a  jettison- 
able  line  section. 
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Three  configurations  were  examined:  a  series-burn  option,  and  two  parallel  burn  options, 
bellv-to-b“lfy  and  back-to-back.  These  are  shown  in  Figures  2.1-12  through  2.1-14.  The 
Sr  es^burn  design  employs  a  "flower-petal"  nose  of  six  triangular  struts  that  support  the 
iinner  stape  each  covered  by  a  partial  external  fairing.  After  stage  separation,  the 
flower  oetS’  elements  are  retracted  by  actuators  to  form  a  smoothly-faired  nose.  With 
the  Stals  flow  exist  to  allow  the  second  stage  engine  start  sequence  to  be 

initiated  prior  to  separation. 

The  belly-to-belly  parallel  burn  configuration  places  the  wings  dose 
reduce  transonic  drag,  but  structural  connections  ®  ^ 

stages.  The  back-to-back  option  eliminates  heat  shield  penetrations. 

The  series-burn  option  was  selected  for  more  detailed  analysis.  Rationale  was  as  follows: 

o  The  series-burn  vehicle  has  slightly  better  performance  -  120  tonnes  compared  to 
100  tonnes; 

o  Stage  separation  is  simpler;  for  parallel  burn  systems,  the  orbiter  thrust  after 

booster  cutoff  tends  to  push  the  stages  together  rather  than  push  them  apart, 

o  Boost  aerodynamics  is  simpler;  the  booster  wing  is  in  the  orbiter  wing  wake  rather 
than  in  an  interfering  location* 

o  Ground  handling  is  expected  to  be  simpler. 

o  The  booster  is  more  adaptable  to  use  as  a  shuttle  booster.  ^  ^ 

o  Mated  vehicle  propulsion  tests  are  not  needed  to  qualify  the  boost  phase  propulsion 
system. 

.o-  .  .  Load  paths  and  structural  dynamics  are  simpler.  . 

The  principal  disadvantage  of  series  burn  is  the  higher  boost  thrust  required  -about  1800K, 
per  engine  versus  1450K. 

The  series-burn  stack  height  is  commensurate  with  that  of  Saturn  V,  indicating  thp 
firilities  can  be  used  in  the  developmental  phase.  The  operational,  high-laurich- 
fatf  Eround  SdSg  probably  Lve  th/cmpty  vehicles  or>  their  own  landing 

gear,  mate  in  the  horizontal  position  at  the  launch  pad,  and  use  a  strong-back  tilt-up 
launcher. 

2.2  VEHICLE  ANALYSIS 

The  following  discussion  presents  results  of  analyses  of  the  serics-burn  vehicle. 
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2.2.1  Trajectory  Analyses  and  Vehicle  Optimization 

The  vehicle  launch  trajectory  employs  zero-lift  "gravity-turn'  boost  trajectory  followed  by 
a  roughly  optimized  second  stage  trajectory.  Injection  conditions  are  90km  altitude,  due 

east,  with  injection  velocity  appropriate  to  coast  to  477km  altitude. 

Shortly  after  liftoff,  the  mated  vehicle  (under  booster  thrust)  executes  a  slight  "tilt"  away 
from  vertical  flight,  in  the  downrange  direction.  This  initiates  the  "gravity  turn."  The 
amount  of  tilt  sets  the  staging  conditions.  With  a  fixed  amount  of  boost  propellant,  more 
tilt  (a)  reduces  staging  altitude;  (b)  reduces  staging  path  angle;  (c)  increases  relative 
velocity  at  staging.  It  is  intuitively  logical  that  there  should  be  an  optimal  tilt;  this  is 
indeed  true.  The  objective  is  to  maximize  injected  mass  (the  sum  of  second  stage  inert 
mass  and  payload).  Figure  2.2-1  shows  variation  in  staging  parameters  and  in  injected 
mass  as  a  function  of  tilt  angle.  Figures  2.2-2  and  2.2-3  show  the  characteristics  of  a 
preliminary  reference  trajectory  with  near-optimal  characteristics. 

Final  selection  of  a  reference  trajectory  requires  evaluation  of  flyback  range  effects.  For 
any  flyback  rc^ge,  there  will  be  an  optimal  booster  wing  area.  Increasing  wing  area 
increases  the  flyback  cruise  L/D,  decreasing  both  installed  thrust  and  flyback  fuel.  Since 
increasing  wing  area  reaches  a  point  of  diminishing  returns,  i.e.,  further  increases  in  area 
add  little  to  L/D,  whereas  wing  mass  increases  nearly  linearly  vvith  area,  it  is  apparent 
that  an  optimal  area  must  exist  (for  any  given  flybaclt  range).  Since  booster  inerts  affect 
payload  (1  kg  of  booster  inerts  is  worth  roughly  i/6  kg  payload)  there  is  a  jomt  optimum 
among  staging  conditions  and  booster  wing  area.  These  optimizations  are  nearly 
decoupled,  however,  because  of  the  sharpness  of  the  optimum!  of  tilt  {=  staging 
conditions).  The  flyback  range  at  optima!  staging  conditions  will  be  between  250  and- 300 
km.  Over  this  range  the  optimal  wing  area  will  change  little.  Consequently,  our  analysis 
assumed  these  optima  to  be  entirely  decoupled. 

■2.2.2  AercdynamEcs ■  ■  '  ■  .  . 

A  further  parametric  study  was  conducted  to  select  the  reference  wing  area.  Wing  area 
was  dictated  by  landing  speed  with  a  desire  to  maintain  landing  speed  ar  no  more  than  165 
knots.  The  result  was  a  selection  of  a  reference  wing  area  of  8200  ft  witli  a  canard  for 
subsonic  trim,  as  shov/n  in  Figure  2.2-4. 
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Figure  2.2- 1.  Stsging  Point  Variation  and  tns'sctsd  Afass 


Figure  2.2-2.  Small  HLLV  Reference  Trajectory 


RELATIVE  VELOCITr,  FT/S 


D1 80-25969-5 


Scf  3^3 

deflections. 

.unc  al<ui  selected  for  landing  speed  of  165  knots.  Again,  a  canard 

1‘S  :«d1or”Krc  .*m  ri“.oXse  wing  areal  The  landing  speed  paramerr.cs  are 

slK>wn  in  Figure  2*2-6« 

Table  2.2-1  sunr.marize  the  results  of  the  aerodynamics  investigations. 

AS  a  result  ol  the  aerodynamics  investigation,  the  vehicle  wings  were  resized. 

•  e-  ■>  7  7  are  the  revised  wing  area  as  compared  to  tlie  origmal  wmg 
SlhlVn"or?^nIl  “c^^Cration.  Revild  wing  areas  are  shown  as  dotted  Irnes. 


!.2.3  Selected  Configuration 


r,»  small  HLLV  lina.  -<>S;-o!?J,?SdrutS^.^-Th^^^ 

)wept-back  delta  wing  with  a  small  j^^tres  lone.  The  orbiter  uses  six  space 

jropellant  tanks  and  ^  ^  bells.  Four  of  the  six  engines  are  gimbaled;  the 

£r;r%role1i;eTTS  dses  a  small  yaw  ventral  lor  head-end  steer, ng 

to  improve  controllability  in  yaw* 

The  vehicles  are  control  coitfigured  T™.  0* inakes“pr^^  an  alt 

Elimination  ol  opening  nose  with  a 

payload  bay  on  the  orbiter*  T  ^  •  aoDroach  avoids  expendible  interstage 

f4“rir;Xh:wr.if--rtta^^^ 

srp,:^r.iraTmpr"lnS7rSu^^^^^  Sos-  -  ‘O  ■> 

streamlined,  aerodynamic  configuration. 

The  booster  emplbis  six  oxygen-methane  JStewfngs  te’fly-iacr“The 

Four  high  thrust  air-breather  ®^Smcs  are  cover  until  subsonic  transition  at'  which 

air-breather  engine  inlets  »;»  J  was  selected  to  avoid  How 

l^a'chmUTe'u i^rtiTwSror^^  body'  as  a'llow  attachment  will  result  in  higher  drag 

during  the  fly-back, 

2.2.4  Mass  Properties 

tons  as  compared  to  a  parametric  iiguic  ‘ 

2.2.5  HLLV  Fleet  Size  Scenario 

The  SP5  transport.', tion  and  /jrs’,'',e,,rto^^^  Pha'se.ll  has 

Kn“mcoT;S::dTn^rS™e  s;  .ha.  uadc  -dies  ca,,  be  Stav,.  in 

:i::rrL^::r;,x;r„i“k:;r%t."^Vc;na^rrr£^^  .he  basics  .o,  co,. 

analyses. 
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LANDING  SPECIFICATIONS  CONTROL  WING  AREA 

0  ORIGINAL  WING  REF  AREA  FROM  DWG  =  6000  FT 
.  o  required  WING  REF  AREA  =  8000  FT^ 
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Vehicle  quantities  were  derived  from  the  scenario  data  in  Table  2.2-3.  The  scenario 
analysis  establishes  the  number  of  vehicles  required  for  the  initial  fleet.  Spares  were 
added  to  this.  Engirtcs  and  auxiliary  propulsion  were  independently  estimated.  Since  the 
engines  follow  a  different  learning  curve  than  the  airframes,  it  is  necessary  to  discretely 
estimate  engine  costs.  The  scenario  results  also  determine  the  number  of  new  vehicles 
required  for  life  cycle  operations.  An  additional  set  of  equivalc-i.:  ''chicles  is  required  to 
maintain  spares  and  maintenance.  Table  2.2-4  summarizes  the  results  of  this  analysis. 
The  figures  used  were  based  on  the  same  assumptions  as  used  to  cost  the  reference  HLLV. 


Table  2,2-3,  Small  HLLV  Transportation  Scenario 
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-  Table  2.2-4.  Vehicle  Quantities 
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AIRFRAME 
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2.3  THE  EFFECTS  OF  A  SMALL  HLLV  ON  PAYLOAD  PACKAGING,  SPS 

CONFIGURATION,  GROUND  AND  SPACE  FACILITIES,  AND  OPERATIONS 


2.3.1  Small  HLLV  Packaging  Parameters 

The  nominal  small  HLLV  payload  parameters  that  were  given  are  as  follows; 


Cargo  Bay  Envelope 
Payload  Mass 


120  mT 


Following  the  guidelines  established  in  previous  packaging  analyses  (Reference:  Section  5 
in  Reference  9),  we  have  discounted  these  parameters  to  allow  for  packaging  and  pallets. 
The  working  parameters  become  the  following: 

Max.  envelope  of  components 

Max.  payload  mass 
(without  packaging) 

108  mT 


Table  2.3-1  lists  the  total  payload  that  needs  to  be  delivered  to  LEO  for  each  year  of  the 
SPS  commercial  progisam.'  This  total  payload  includes  components,  spare  parts,  crew 
supplies  and  propellants  used  at  both  LEO  and  GEO.  This  table  also  lists  tlte  correspond¬ 
ing  number  of  mass-limited  launches  required  per  year  and  per  day  to  deliver  this  payload. 

2.3.2  Effects  C7t  SPS  Prograun  Elements 


The  constraints  identified  in  the  p>revious  section  were  used  to  define  tlie  effects  on  the 
various  SPS  program  elements.  Table  2.3-2  lists  the  program  elements  directly  or 
indirectly  effected  by  iiaving  a  smaiicr  HLLV,  (The  reader  should  refer  to  Reference  7  as 
this  table  is  examined.)  Elements  not  identified  in  this  table  arc  not  affected. 


The  interactions  of  these  effects  are  more  clearly  shewn  in  Figure  2.3-1,  It  is  seen  that 
there  are  eigiit  primary  effects.  It  should  be  evident  from  this  map  that  if  any  of  the  8 
■primary  effects- Can •  be ’aJIcviated,  the  secondary  effects  linked  to  them  can- a'lSo 
eliminated.  The  possibilities  for  alleviatirig  tiie  primary  effects  are  discussed  in 
Table  2.3-3. 


As  a  part  of  this  analysts,  the  personnel  OTV  was  reconfigured  to  fit  the  shorter  payload 
bay.  The  revised  OTV  concept  is  shown  in  Figures  2.3-2,  2.3-3  and  2.3-4, 

2.3.2.1  Supporting  Analyses 

There  were  three  supporting  anaiyses  tliut  wore  conducted  to  derive  some  of  the  data 
shown  in  the  preceding  tables.  There  were  a  cargo  packaging  analysis,  a  GEO  Base 

effects  analysis,  and  .3lTcrnative  launch  and  recovery  site  concepts  analysis. 

2.3.2.1.1  Cargo  Pa cicaging  .Ana! -/sis 

The  primary  objective  of  the  cargo  packaging  analysis  was  to  determine  the  configura¬ 
tions  of  the  primary  payloads  for  the  .stTiall  HLl.V.  • 


The  cargo  pacliaging  data 
(see  Table  .5- 1  in  Seciidn 
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TABLE  2.3-2 

EFFECTS  OF  THE  SMALLER  HLLV  ON  THE  SPS  PROGRAM 
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Figure  2.32.  Orbits/  Transfer  Vehicle  Configured  to  fit  within  a  Small  HLLV 
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examined  to  find  the  components  that  1)  would  be  affected  by  the  smaller  cargo  bay 
envelope,  and  2)  those  that  are  either  the  most  numerous,  the  most  massive,  and/or  the 
largest  (the  so-called  "primary  payloads").  These  components  are  identified  in  Figure 
2.3-5. 

When  comparing  the  small  HLLV  "primary  payloads"  identified  in  Figure  2.3-5  against  the 
"primary  payloads"  identified  in  Figure  5-5  of  the  Reference,  it  will  be  noted  that  the 
Antenna  Secondary  Structure  and  the  Propellant  Pallets  have  not  been  included  in 
Figure  2.3-5. 

The  Secondary  Structure  package  has  changed  for  the  baseline  system  (since  the 
Reference  was  published)  to  a  fabricated  structure  instead  of  a  deployable  structure.  The 
material  for  this  fabricated  structure  will  be  beam  machine  roll  stock  and  has,  therefore, 
been  included  into  the  combined  beam  machine  feed  stock  shown  in  Figure  2.3-5. 

The  POTV,  SPS,  and  EOTV  Propellant  Pallets  have  been  deleted  as  it  is  assumed  that 
there  will  have  to  be  dedicated  HLLV  tankers. 

The  only  components  that  are  repackaged  significantly  are  the  solar  array  blankets,  the 
ion  thruster  panels,  and  the  electrical  rotary  joint  (slip  ring)  assembly. 
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Figure  2.3-5.  Primary  Payloads 
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2.3.2.1.2  GEO  BASE  IMPACTS  FROM  SMALLER  HLLV 


Smaller  payload  oapabllUy  ol  the  HLLV  reducea  the  alloo-able  cargo  size  and  mass 
that  he  delivered  Into  low  earth  orbit.  At  the  GEO  conatructloo  haae,  howcvt  ”hT 
reducHon  m  HLLV  payload  size  will  be  Important.  The  Ilm  a  11  m  x  Km  cargo  bay 
limitation  lead  to  alternate  SPS  constroctlon  requirements,  which  Impact  GEO  base 
^sterns  as  shown  In  Hg.  2.2-6.  When  more  construcHon  tasks  arc  added,  extra  cqulp- 
ent  an^or  work  areas  .ve  needed.  The  smaller  cargo  bay  also  limits  the  size  and  hence 
«e  nmnber  of  required  pressure  vessels  for  habitation  and  work  support  functions.  A 
^ater  n^ber  of  smaH  cargo  containers  must  be  handled  and  distributed  through  the  Intra 
b^e  logistic  nchvork.  All  of  the  above  leads  to  a  lartcr  crew,  additional  housing,  more 

base  support  Structure,  etc,  b.  more 

^  Rgmre  2.3-7  shows  the  Phase  2  reference  construction  base  and  the  alternate  base 

is  14.  header  and  requires  a  larger  crew  to  maintain  the  reference  production  rate 
cost  w^  ‘the  LEoT  ilovclopmcnt 

1^1  To  t  .  “P  -‘“a'  »'  “b  l-vestment  phase.  As  a  result,  the 

th  M^d  1  r  ‘greater  than  the  reference  base. 

Phased  rsmXr  “IT  ““ 

on  GEO  bus  r  ""  discuss  the  major  effect  of  tile  smaller  HLLV 

on  GEO  base  operations  and  related  crew  support  facilities. 

The  smaller  HLLV  cargo  bay  (1.  n,  X  11  x  .4  m,  af¬ 
fects  GEO  base  operations  for  satellite  construction  and  Intra  base  logistics.  In  par- 

sTf  2  forT'-'  -'‘Uirements  lead  addition.,  equipmon,  and  crew 

staffing  for  ihe  inira  base  logistics  system  as  well  as  for  oonslruelion. 

enn  ?''''/,  requiromonls  include  smaller  solar  array  blanket 

nnislers  <7.5  m  vs  ,5  m, ,  modific.llens  lo  solar  blankel  In.orfaoes  <e.g.  s  pp„  . 

r^ucure.  .e„uisl,lon  buses,  e.e, ,  and  modular  versus  preassembled  slip  m  f 

--duTe.t^^ 

Idditional  bhinketb  in  each  bay  of  the  energy  convcr.sion  system  No 

additional  oqu.pmont  Is  needed  ,o  handle  Hio  other  subsystems  which  interface  wi.T 

0  smaller  solar  array  blankets.  However,  the  Level  .i  subassembly  factory  musfbe 
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•  SMALLER  HLLV  PAYLOAD  CAPABILITY 

-  11  X  11  X  14  m  VS  17  m  DIA  X  23  m  CARGO  BAY 
-120MTVS400MT 

•  alternate  SPS  CONSTRUCTION  REQUIREMENTS 

-  7.6  m  VS  IS  m  SOLAR  ARRAY  BLANKETS 

-  MODULAR  VS  ASSEMBLED  SLIP  RING  DELIVERY 

•  GEO  BASE  SYSTEMS  IMPACT 

-  ADDED  EQUIPMENT/WORK  AREAS 

_  SMALLER  HABITATS  8.  WORK  MODULES 

_  MORE  INTRA  BASE  LOGISTICS 

-  LARGER  WORK  FORCE 

-  ADDITIONAL  BASE  STRUCTURE 

084 7-00 IW 

Fig.  2.3-6  Smaller  HLLV  Payload  Effecu  on  GEO 
Construction  Base 
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expanded  to  accommodate  the  equipment  needed  to  support  the  assembly  and  checkout 
of  the  modularized  slip  ring.  Finally,  it  is  estimated  that  four  times  as  many  cargo 
pallets  must  be  docked /unloaded  and  handled, 

GEO  base  crew  operations  are  also  increased  to  support  the  added  tasks  for  sat¬ 
ellite  construction  and  intra  base  logistics.  It  is  estimated  that  56  crewmen  will  be 
needed  to  cover  the  extra  workload  and  furnish  the  required  habitat  and  crew  support 
services.  Figure  2.3-9  shows  a  breakdown  of  theses  added  crew  operations,  together 
with  the  extra  cost  for  annual  operations. 

Crew  Support  Facilities  Impact  -  The  reduced  size  cargo  bay  of  the  small  HLLV  results 
in  a  smaller  pressurized  module  to  support  habitation  and  work-related  activities. 

This  module  is  now  10.5  m  dia.  x  13.5  m  instead  of  the  17  m  dia.  x  23  m  long  module 
that  the  reference  HLLV  can  transport.  Figure  2.3-10  considers  the  number  of  small 
modules  necessary  to  replace  one  large  module. 

In  the  Phase  2  analysis  of  crow  habitation  requirements,  it  was  judged  that  one 
large  module,  sized  for  the  reference  HLLV  could  comfortably  house  100  men.  On  a 
direct  volume  basis,  five  of  the  smaller  modules  would  provide  approximately  the  same 
volume  as  one  larger  module,  (In  fact,  the  equivalent  volume  ratio  is  probably  greater 
than  5  to  1,  since  packaging  given  items  into  a  smaller  volume  is  less  efficient  than 
packaging  the  same  items  into  a  larger  volume.  This  holds  for  all  ci*ew  support  facil¬ 
ities  where  the  initial  allocation  of  functional  areas  is  either  believed  to  be  Correct  or 
is  perhaps  not  well  defined  .)  The  GEO  base  woi’k  modules  for  command  and  control, 
base  maintenance,  etc  have  yet  to  bo  analyzed.  When  the  functional  requirements 
for  these  activites  are  developed,  the  area  needed  for  crew  and  equipment  could  either 
meet  or  exceed  the  current  assumptions.  Hence  the  5  to  1.  ratio  is  used  to  establish 
equivalent  work  modules  for  the  smaller  HLLV.  Crew  habitation  requirements,  how¬ 
ever,  were  examined  in  Phase  2  to  the  level  of  compartmcntal  partitioning  of  major 
crew  areas,  considering  furnishings  and  equipment.  The  larger  crew  module  pro- 
vlded  about  17.44  m  of  free  volume  for  each  crewman.  This  is  about  2.5  times 
Celentano's  recommended  free  volume  per  man  (7.08  m^)  for  acceptable  crew  perfor¬ 
mance  over  90  days.  Therefore,  a  brief  study  was  performed  to  take  anotlier  look  at 
the  crew  accommodation  packaging  arrangements  for  the  smaller  crow  module.  By 
redueing  the  free  volume  crew  allocation  to  10.35  m^,  we  judge  that  100  men  can  be 
adequately  housed  in  three  of  the  smaller  modules. 
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REVISED  OPERATIONS 

GFO  BASE  SYSTEM 
ADDED  EQUIPMENT 

IMPACT 

AMASS 

A  COST 

•  install  88  - 7.5  m  SOLAR  ARRAY 
BLANKETS/BAV  (TWICE  BASELINE) 

•  ASSEMBLE  8i  C/0  MODULAR  SLIP 

RING 

•  DOCK/UNLOAD  &  HANDLE  MORE 
NUMEROUS SMALL  CARGO  PALLETS 
(FOUR  TIMES  BASELINE) 

(4)  30  m  CHERRY  PICKERS 

@  LEVEL  H  ANCHORS 

(2)  30  m  CHERRY  PICKERS, 
RACKS  8i  TOOLS. 

TEST  8i  C/0  EQUIP. 

©  LEVEL J FACTORY 

(2)  C.  iRGOTUG  DOCKING 
PORTS 

(2)  CARGO  PALLET 
HANDLING  JIG 

(80)  TRANSPORTERS  (SMALL) 
@ LEVEL J 

10  MT 

15  MT 

22  MT 

$  87.6M 

$  97.6M 

$  78.8M 

-  — - 

47  MT 

S264M 

Fig.  2.3-8  GEO  Construction  Operations  Impest  Due  to  Smsiier  HLLV 
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Fig.  2.3-9  Effect  of  Smaller  HLl.V 
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Revised  layouts  for  these  sniaiier  habitation  modules  are  shown  in  Fig^ure  2.3-11. 
Allowing  for  wall  thickness,  insulation  and  radiation  protection,  the  inside  diameter  of 
each  deck  is  10  m  and  floor  to  ceiling  height  is  2.15  m.  One  module  provides  quaters 
for  60  men  and  each  of  the  four  decks  has  the  same  layout  of  16  comparably  sized 
quaters;  except  that  on  two  of  the  decks,  two  quarters  are  eliminated  on  each  to  pro¬ 
vide  hygiene  and  waste  management.  The  second  module  has  one  deck  of  14  quarters 
plus  toilets,  laid  out  as  the  first  module,  then  two  decks  with  12  larger  quarters  each. 
A  fourth  deck  provides  medical  facilities,  a  library  and  two  staterooms  for  the  two 
most  senior  officers.  The  third  module  provides  services  on  two  of  the  four  decks. 
One  deck  provides  a  gymnasium,  a  recreation  lounge,  a  thirty  seat  theatre  for  movies, 
church  services  and  meetings,  a  laundry  and  a  hygiene/waste  management  facility. 

The  other  service  deck  has  the  galley,  food  storage  for  emergencies  and  eating  accom¬ 
modation  for  28.  Main  food  stroage  is  in  an  attached  logistics  module.  This  deck  also 
serves  as  the  storm  shelter  with  suitable  distribution  of  equipments  and  wall  thicknesses 

to  provide  protection.  The  free  area  available  for  100  men  during  solar  storm  events 
2  2 

Is  0.54m  (5.8  ft  )  per  man.  The  remaining  two  decks  In  this  module  house  subsystems 
and  EVA  preparation. 

Comparison  of  the  smaller  module  to  the  larger  baseline  module,  Fig,  2.3-12  shows, 
as  alternates,  the  estimated  total  number  of  GEO  base  crew  support  fjicilities.  Mass 
and  cost  data  are  shown  for  each  module  and  tlie  estimated  penalty  is  identified  for 
the  smaller  module.  The  number  of  crew  habitats  and  related  work  modules  ai^e  de¬ 
fined  for  support  of  GEO  construction  and  SPS  maintenance.  When  the  appropriate 
small  module  to  baseline  module  ratio  is  applied  (i.e.  ,  3:1  habitats  and  5:1  work),  33 
small  modules  (10.5  m  dia)  are  required  for  initial  GEO  construction  (vs  8  at  17  m  dia). 
Later  in  the  program  when  60  satellites  have  to  be  maintained,  99  of  the  smaller  mod¬ 
ules  will  be  needed  for  habitation  and  work  support  functions. 

Figure  2.3-13  shows  comparative  breakdown  of  the  major  elements  covered  by 
the  estimates  for  crew  module  mass  and  average  unit  cost.  The  smaller  module  retains 
the  reference  cabin  wall  design  for  protection  against  trapped  electron  flux.  A  one 
deck  storm  shelter  is  also  px'ovided ,  as  in  the  reference,  for  environmental  protection 
against  solar  flares.  Environmental  control  subsystem  weights  arc  based  on  60  men, 
as  defined  in  Fig.  2.3-11.  Weight  estimates  for  tlic  other  subsystems  of  the  smaH 
module  (i.e.,  communications,  electrical  power  and  crew  accommodations)  are  also 
adjusted  for  the  60  man  crew.  As  shown  in  Fig.  2.3-13,  the  latter  subsystems 
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BASELINE 

17mDIAX23m 

SMALLER  HLLV  PAYLOAD  | 

10.5  ni  DIA  X  13.5  m 

A  MASS,  MT 

A  COST,  $ 

GEO  CONSTRUCTION  SUPPORT 

•  CREW  HABITATS 

5 

18 

-  TOTAL  (UNIT)  MASS,  MT 

1215(243) 

1710(95) 

494 

-  TOTAL  (AVG  UNIT)  COST,  1979  $M 

1923  (384.6) 

4451  (247.3) 

2528* 

•  WORK  MODULES 

3 

15 

-  TOTAL  MASS,  MT 

413 

807 

393 

-TOTAL  COST,  $M 

631 

2028 

1397* 

SPS  MAINTENANCE  SUPPORT 
(20  TO  60  SATELLITES) 

•  CREW  HABITATS 

4  TO  12 

12  TO  36 

-  TOTAL  MASS,  MT 

972  -  2916 

1140  -  3420 

168  TO  504 

-  TOTAL  COST,  $M 

1538-4615 

2967-8903 

1429-4283* 

a  WORK  MODULES 

2  TO  6 

10TO30 

-  TOTAL  MASS,  MT 

354  -  1062 

692  -  2076 

339  TO  1014 

-  TOTAL  COST,  $M 

646-1938 

2077  -  6231 

1431-4293* 

TOTAL  A  MASS 

1393  TO  2405  MT 

•EXCLUDES  FULL  BENEFITS 

OF  LEARP^sNG 

TOTAL  A  COST 

$  6.785M  TO 
$12,500M* 

0847-007W 

FSg.  2.3-12  HLLV  Impast  on  GEO  Basa  Crew  Sis'jpsrt  FifstsiSis? 
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represent  less  than  25%  of  the  reference  module  mass  but  almost  half  of  the  smaller 
module  mass.  From  a  cost  point  of  view,  the  latter  subsystems  account  for  more  than 
half  the  cost  of  either  module.  This  is  because  these  subsystems  contain  basic  com¬ 
ponents  (fixed  costs)  which  are  insensitive  to  changes  in  crew  size  or  module  geom¬ 
etry.  Lower  crew  module  costs  are  possible,  of  course,  if  the  smaller  modules  v;ere 
defined  differently  and  compared  in  terms  of  their  respective  functions  and  capabili¬ 
ties.  It  should  be  noted  that  the  cost  penalty  attributed  to  the  smaller  pressure 
vessel  in  Fig.  2.3-12  is  probably  too  high  since  these  cost  data  do  not  include  the 
full  benefit  of  production  quantity  learning. 

The  large  number  of  crew  modules  resulting  from  the  smaller  HLLV  raises  the 
question  as  to  how  they  might  be  accommodated  on  the  base.  The  center  of  GEO  base 
logistic  activities  occurs  at  the  top  deck.  Level  J,  which  includes  the  crew  quarters/ 
operations  center  and  areas  for  growth.  For  example,  at  the  end  of  the  30  year  ref¬ 
erence  scenario,  the  crew  quarters /operations  complex  could  grow  to  99  modules. 
Figure  2.3-14  shows  that  Level  J  has  ample  area  to  mount  as  many  small  modules  as 
needed. 

Net  Impact  of  Smaller  HLLV  on  GEO  Base  -  The  net  impact  of  the  smaller  HLLV  on 
GEO  base  mass  and  cost  is  summarized  in  I’ig.  2.3-15.  The  reference  work  facilities 
must  be  revised  primarily  to  support  the  added  crew  support  facilities,  accommodate 
extra  construction  equipment,  enlarge  cargo  handling/distribution,  and  expand  the 
subassembly  factory.  One  benefit  of  the  smaller  crew  module  is  that  it  provides  a 
significant  reduction  in  DDT&E  expenditures  which  occur  at  the  outset  of  the  invest¬ 
ment  phase.  It  also  provides  a  programmatic  option  that  would  make  one  crew  module 
size  serve' needs  for  both  the  demonstration  and  investment  phases  of  the  program'. 

In  that  event,  only  one  module  would  be  developed  and  funded  to  meet  earlier  derii- 
onstration  phase  objectives.  This  option  would  then  avoid  $3.8B  (with  wraparound 
factors)  for  developing  another  small  crew  module  for  the  investment  phase. 

It  should  bo  noted  again  that  the  crew  module  production  costs  arc  probably 
too  low  since  they  exclude  the  full  benefits  of  high  production  learning.  In  addition, 
the  range  of  crew  modules  costs  cover  an  expenditure  over  30  years  with  no  dis- 
counting  included. 
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Fig.  2.3-14  GEO  Base:  UvetJ  Facilities  —  Impact  of  Smaller  HLLV 


GEO  BASE  ELEMENT 

A  MASS. 

MT 

A  C05 

DDT&E 

)T  1979  SM 

PROD 

WORK  FACILITIES 
-STRUCTURE 

-  CONSTRUCTION.  EQUIPMENT 

-  CARGO  HDLG/OISTRIBUTION 

-  SUBASSEMBLY  FACTORIES 

CREW  SUPPORT  FACILITIES 

-  CREW  QUARTERS  {0  TO  60  SPS) 
-WORK  MODULES 

WRAPAROUND  FACTORS 
~  DEVMT  127% 

-  PROD.  47% 

17 

10 

22 

15 

494  TO  998 

393  TO  1407 

4 

0 

0 

0 

-613 

0 

-773 

2 

88 

79 

2528  TO  6816 
1397  TO  5690 

1969  TO  6002 

TOTAL 

951  TO  2469  MT 

-$1380M 

$6160  TO  18770.M 

$4780TO$  17,390M 

ANNUAL  OPERATIONS 

SALARIES  &  TRAINING  (+5e  CREW) 
RESUPPLY 

0847-010W 

142  MT/YR 

83 

$163M/YR  \  * 

Rig.  2.3-15  Net  Impact  of  Smaller  HLLV  on  GEO  Base 
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2.3.2.1.3  Alternative  Launch  and  Recovery  Site  Concepts 

lesr. 

In  the  analysis  of  the  effects  of  a  small  HLLV  on  the  SPS  program  elements,  it  was  found 
tfiat  one  of  the  most  significant  effects  would  be  on  the  launch  and  recovery  site.  This 
analysis  was  prepared  to  amplify  the  basis  of  this  assessment  and  to  show  some 
alternative  solutions. 

Calculation  of  the  Number  of  Launch  Pads-In  Table  2.3-1,  it  was  shown  that  at  year  12 
(when  20  SPS's  are  in  oroit,  per  year)  that  1471  mass-limited  flights  would  be  required. 
Multiply  this  by  1.05  to  account  for  non-optimal  packaging  and  we  get  1545  flights  per 
year.  The  pad  time  per  vehicle  is  34  hours.  This  leads  to  the  capability  of  each  pad  to 
support  257  flights  per  year  (assuming  24  hours  per  day/365  days  per  year  operations). 
This  results  in  a  requirement  for  6  launch  pads  for  the  small  HLLV. 

Launch  Pad  Locations-If  we  assume  that  it  will  be  environmentally  acceptable  to  launch 
up.to  5  vehicles  per  day  every  day  of  the  week  at  KSC,  then  we  are  given  the  requirement 
to  find  space  for  6  HLLV  launch  pads.  In  Task  42101 1 1,  we  found  that  for  the  small  HLLV 
that  the  minimum  pad  separation  distance  required  is  8000  ft. 

We  examined  2  possible  arrangements  of  6  HLLV  launch  pads  at  KSC  that  meet  the 
8000  ft  separation  requirement.  Figure  2.3-16  shows  an  off-shore  arrangement  similar  to 
the  baseline  concept  for  the  large  HLLV.  Figure  2.3-17  shows  an  arrangement  where  the 
6  pads  are  located  on-shore.  In  this  arrangement,  3  of  the  HLLV  pads  will  be  at  the  38C, 
39D,  and  39E  pad  locations  (shown  to  be  in  locations  previously  reserved  for  them).  The  3 
additional  HLLV  pads  are  shown  to  be  located  at  the  37,  40,  and  41  pad  locations.  (It  is 
assumed  that  the  current  user  of  these  pads  will  no  longer  be  operational  or  that  they  can 
be  moved  to  other  pad  locations.  In  addition,  pads  34,  20,  and  19  will  have  to  be 
demolished  to  provide  the  8000  ft  clearance). 

Cost  Analysis  Highlights-The  cost  estimates  for  the  alternative  launch  and  recovery  sites 
are  summarized  in  Table  2.3-4.  The  5  alternative  concepts  are  described  below: 


o  ’  Large  HLLV-Referencc  ‘  ’ 

o  This  is  the  reference  concept  for  the  large  HLLV,  described  in  the  Reference 
System  Description,  WBS  1.3.7. 

o  Large  HLLV— Piers 

o  This  concept  substitutes  a  200  ft  wide  steel  pier  system  in  lieu  of  the  rock 
causeways.  Brown  and  Root  estimates  this  steel  pier  arrangement  to  cost 
$50,000  per  lineal  foot. 

o  Small  HLLV  Causeways 

o  This  arrangement  of  this  concept  is  shown  in  Figure  2.3-16. 

o  The  causeways  are  100  ft  wide  and  50  ft  high. 

o  The  launch  pads  are  scaled  to  be  35%  as  large  and  expensive  as  that  required 

for  the  large  HLLV. 

o  The  HLLV  Orbit'.m  and  Booster  processing  facilities  were  scaled  down  to  the 
smaller  vehicle  sizes  and  additional  bays  were  provided  as  required.  Scaling 
down  the  vertical  clearance  height  and  the  strength  required  resulted-  -in 
substantial  cost  savings.  •  • 
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Figure  2.3-17.  On-Shore  Arrangonwnt  of  SPS  Launch  and  Recovery-  Site  Facilities  . 
at  KSC  Configured  for  a  S'nall  HLLV 


TABLE  2.3-<^ 

COST  COMPARISON  OF  ALTERNATIVE  LAUNCH  AND  RECOVERY  SITE  CONCEPTS 
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o  SmaU  HLLV  Piers  ^  u  ^  u 

o  This  arrangement  for  this  concept  was  identical  to  that  described  above. 

0  The  only  difference  is  that  100  ft  wide  steel  piers  are  used  in  lieu  of  the  rock 

causeways.  Brown  and  Root  estimated  the  cost  to  be  $42,000  per  lineal  foot. 

o  SmaU  HLLV  On-Shore  .  _ 

o  The  arrangement  for  this  concept  was  shown  in  Figure  Z.3-17. 

0  The  ship  and  barge  basin  were  eliminated. 

o  The  scaled-down  orbiter  and  booster  processing  facilities  were  also  used  here, 
o  The  cost  of  the  new  causeway  was  included. 

RECOMMENDATIONS— It  is  obvious  that  the  so-called  "on-shore"  pad  arrangement  is 
substantially  cheaper  than  the  "off-shore"  alternatives.  These  cost  estimates  were  fairly 
crude,  so  it  is  suggested  that  a  task  be  provided  in  future  studies  to  derive  more  detailed 

cost  data. 

The  environmental  effects  of  a  24  hour  per  day,  7  day  per  week  launch  schedule  «nnot  be 
ignored.  A  more  detailed  study  is  required  to  define  the  maximum  launch  rate  that  could 
be  tolerated  at  KSC. 

2.3.3  Canclusions 

The  mass  and  cost  deltas  associated  with  each  . of  the  8  primary  effect  chains  are 
summarized  in  Table  2.3-5.  .  It  is  evident  that  the  smaller  crew  modules  are  the 
dominating  effect. 


TABLE  2.3-5 

SUMMARY  OF  MASS  AND  COST  DELTAS  DUE  TO  PRIMARY 
EFFECTS  OF  A  SMALL  HLLV 
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SUMMARY  OF  MASS  AND  COST  DELTAS  DUE  TO  PRIMARY 
EFFECTS  OF  A  SMALL  HLLV 
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SUMMARY  OF  MASS  AND  COST  DELTAS  DUE  TO  PRIMARY 
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2.l^  ESTIMATE  OF  DELTA  ENVIRONMENTAL  EFFECTS 
2.4.1  Introduction 

The  objective  of  this  task  was  to  assess  the  environmental  effects  of  the  smaller  and  more 
numerous  HLLV.  These  environmental  effects  include  launch  and  reentry  overpressure 
(sonic  boom),  launch  facility  noise,  launch  pad  explosions,  and  effluent  deposition  in  the 
upper  atmosphere. 

These  environmental  effects  have  been  assessed  for  the  baseline  HLLV.  The  sonic  boom, 
launch  site  noise,  and  launch  pad  explosion  effects  were  reported  in  Reference  I.  The 
effluent  deposition  effects  were  reported  in  Reference  2.  The  authors  of  these  analyses 
(References  3,  4,  5  and  6)  were  asked  to  make  judgments  as  to  the  delta  environmental 
effects  when  comparing  the  smaller  HLLV  to  the  baseline  HLLV.  This  report  presents  the 
results  of  these  assessments. 


2.4.2  Launch  and  Entry  Overpressure 


The  sonic  boom  characteristics  for  the  small  HLLV  during  reentry  are  described  below. 
The  ascent  sonic  boom  characteristics  were  not  assessed  as  the  ascent  trajectory  for  the 
small  HLLV  is  substantially  different  than  that  for  the  large  HLLV.  As  the  ascent  sonic 
booms  will  occur  over  the  ocean  down-range  from  the  launch  site,  it  was  judged  that  the 
ascent  sonic  overpressure  characteristics  do  not  need  to  be  recomputed. 


Sonic  Overpressure  Calculation— In  Reference  1,  the  sonic  overpressure  of  the  SPS  vehi- 
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where 
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Bow  shock  overpressure  in  psf 
Atmosphere  pressure  at  vehicle  altitude  in  psf 
Atmosphere  pressure  at  ground  level  in  psf 
Perpendicular  distance  from  flight  path  in  feet 
Reflection  factor  (usually  about  2.0) 

Vehicle  Mach  number 

Vehicle  diameter  .  . 

Vehicle  length 

Vehicle  volume  shape  factor  (.54t$  Kv^  .87)  ;  assumed  to  be 

0.8 


For  our  purposes  in  the  analysis  of  the  small  HLLV,  the  only  faq^or  that  will  be  different 
from  those  used  for  the  large  winged  HLLV  analysis  is  the  d/1  ^  factor.  It  was  judged 
(Reference  3)  that  the  under  flight  track  overpressures  for  the  small  HLLV  could  be 
scaled  from  the  large  HLLV  data. 


Scale  factor 


Small  HLLV 
(d/jllA)  Large  HLLV 

(12.5/112,7^4)  3.S36 

(15.25/140.73^/'')'  4,427 


.8665  (use  .87) 

Sonic  Overpressure  Patterns—The  overpressure  along  the  vehicle  flight  track  predicted  by 
the  modified  Witham  equation  is  shown  in  Figure  2.4-1.  These  overpressures  were  used 
together  with  the  data  from  program  TEA-231  to  determine  .sonic  boom  overpressure 
patterns  lateral  to  the  ground  track,  sec  Figures  2.4-2  and  2.4-3. 
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Figure  2.4- 1.  Ground  Sonic  Boom  Overpressures  Under  Flight  Track-Svall  HLLV  Reentry 
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Figure  2.4-2.  Small  HLL  V  Booster  Reentry  Sonic  Boom  0\/erpres‘Sure 
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Figure  2.4-3.  Smaii  HLLV  Second  Stags  Reentry  Sonic  Boom  Overpressure 
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The  reentry  sonic  boom  pressure  signatures  (AP  vs  time)  at  selected  locations  are  not 
scalable  (Reference  3). 

Effects  of  the  Sonic  Overpressures— In  Reference  1,  the  physical  and  behavioral  effects  on 
humans  of  sonic  overpressures  and  the  structural  damage  effects  of  sonic  booms  were 
enumerated.  From  this  data,  it  was  recommended  that  the  maximum  allowable 
overpressure  of  2.0  psf  outside  of  the  government  reservation  perimeter  shall  not  be 
exceeded. 

What  this  translates  to  for  the  small  HLLV  is  that  the  perimeter  of  the  government 
reservation  must  be  at  least  25nm  from  the  landing  site  on  the  line  of  approach  (based  on 
Figure  2.4-2)  and  at  least  13nm  downrange  (based  on  Figure  2.4-3).  The  corresponding 
exclusion  ranges  for  the  large  HLLV's  were  27nm  and  17nm  respectively. 

2.4.3  Launch  Noise 

Launch  Noise  Calculation-In  Reference  1,  the  launch  noise  was  predicted  by  a  procedure 
that  utilizes  the  basic  jet  noise  generation  influencing  parameters  (jet  velocity,  density, 
mass  flow,  temperature  and  nozzle  area).  The  small  HLLV  uses  6/16  of  the  number  of  the 
same  engines  that  were  used  in  the  original  analysis.  The  scaling  factor  is  10  log  6/16  = 
-4.26  db.  For  convenience,  it  was  recommended  (Reference  4)  that  -5  db  be  used  (the 
predictions  are  only  accurate  to  0.5  db)  to  adjust  the  data  plots  found  in  Reference  1. 

Launch  Noise  Data-The  predicted  launch  Overall  Sound  Pressure  Level  (OASPL)  contour 
map  for  the  small  HLLV  is  shown  in  Figure  2.4-4.  The  predicted  Perceived  Noise  Level 
(PNL)  contour  is  shown  ir  '^igure  2.4-5.  These  contour  maps  represent  the  maximum  noise 
emitted  by  the  launch  vciucle  at  the  site.  These  noise  predictions  are  limited  to  the 
static  case  where  the  vehicle  is  considered  to  have  no  forward  motion. 

As  a  measure  of  relative  comparison,  the  building  damage  noise  limit  (as  suggested  on  the 
basis  of  a  literature  survey)  of  147  db  OASPL  is  prescribed.  For  habitation,  the  PNL- 
levels  should  not  exceed  108  db. 

Figure  2.4-6  shows  the  OASPL  and  PNL  levels  for  the  small  HLLV  as  a  function  of  radial 
distance  along  the  ground  surface  (  =  90°).  From  extrapolation  of  this  curve,  it  can  be 
.seen  that  the  maximumOASPL  4evel.  for  .building  damage  occurs  at  about  400  ft  (for  the 
large  HLLV,  the  corresponding  location  was  1000  ft).  The  PNL  limit  of  108  db  takes  place 
at  21,000  ft  (for  the  large  HLLV,  the  corresponding  location  was  at  32,000  ft). 

Figures  2.4-7  through  2.4-9  present  the  polar  plot  of  the  predicted  OASPL  for  1000, 
10,000,  and  100,000  ft  distances.  The  PNL  predictions  for  the  same  distances  are  shown 
in  Figures  2.4-10  through  2.4-12.  Figures  2.4-13  to  2.4-15  show  the  sound  spectrum  along 
the  ground  plane  for  the  above  distances. 

2.4.4  Explosive  Hazard  Due  To  The  Propellant  Combinations 

The  explosive  hazard  of  the  propellant  combinations  used  in  the  small  HLLV  was 
estimated  using  the  procedures  used  for  the  large  HLLV,  see  Reference  1.  To  adjust  the 
data  from  this  reference  it.  was  necessary  to  define  the  scaling  factor  shown  below 
(Reference  6): 

Small  HLLV  T: 

Boosteri  LO2  +  LCH^  =  4.823xl0^1b  x  .2  =  964,600  lb  of  TNT  equivalent 

Second  Stage:  LO^  +  LH2  2.491xl0^1b  x  .6  =  1,494,600  lb.  of  TNT  equivalent 

2,459x10^  lb.  of  TNT  equivalent 
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Scaling 

Factor 


V2. 459x10^ 

3^6.200x106 


=  0.737 


Large  HLLV 
TNT  equivalent 


The  predicted  overpressures  from  an  on-pad  explosion  of  the  small  HLLV  are  shown  in 
Figure  2.4-16.  Using  the  same  0.75  psi  overpressure  limitation  as  was  used  for  the  large 
J«‘nimum  pad  separation  distance  for  tlie  small  HLLV  becomes  1.32nm 
tSOOOft).  The  corresponcing  pad  separation  distance  for  the  large  HLLV  was  2nm 
(12,156  ft), 

2.4.5  Effluent  Deposition  in  the  Upper  Atm<Kp^iere 

!?i  2,  the  deposition  of  H,  and  H2O  into  the  upper  atmosphere  by  the  large 

HLLV  s  was  assessed.  The  corresponding  eftects  for  the  smaller  HLLV  was  estimated 
trom  this  data  (Reference  5), 

For  the  large  HLLV,  there  were  approximately  8  flights  per  week.  For  the  smaller  HLLV, 

Lm  ‘?c)o  corresponding  year  of  SPS  construction).  There 

will,  therefore,  be  35/8  -  4.38  tinries  as  inany  flights  per  week. 

The  second  stage  propellant  mass  for  the  large  HLLV  was  5.1x10^  kg.  For  the  small 
corresponding  mass  is  1.13x10  kg.  Therefore,  each  of  the  small  HLLV’s  will 

inject  51%  as  much  of  the  effluent  as  the  large  HLLV. 

The  net  effect  will  be  1.73  times  as  much  effluent  injected  into  the  upper  atmosphere 

^ch  week  by  the  small  HLLV  when  compared  to  the  large  HLLV.  However,  this  may  not 
DC  as  bad  as  it  may  seem.  ^ 

^le  density  of  effluents  for  each  of  the  smaller  HLLV's  will  be  approximately  half  of  that 

Smii  Pi^rthermore,  these  effluents  will  be  spread  alo^  a  smaller 

Jameter  line  source  for  oach  vehicle  flight.  The  speed  of  diffusion  will,  t^refore.  be 

T  «^ccreasing  concentration  gradients.  This  will  allow 

ionosphe^J  ^  favorable  chemical  reactions  to  occur  before  the  effluents  diffuse  to  the 

A?  with  the  .previous. analysis  fin- Reference  2),  the  provision  must  be  made  tha't  these 
predictions  are  very  preliminary  in  nature  in  that  some  very  important  simplifying 

analysis  to  be  done.  More  detailed  analyses 

Sent  problL!'  ^  Mp  tho 

2.4.6  Summary 

In  this  report,  we  have  presented  the  results  of  a  comparative  assessment  of  the 
environmental  effects  of  the  small  HLLV  versus  those  of  the  baseline  large  HLLV. 

The  series-l^rn  stack  height  is  commensurate  with  that  of  Saturn  V,  indicating  that 

^c-volopmental  phase.  The  operational,  high-lfunch- 
eear’  mam'^in  system  will  probably  move  the  empty  vehicles  on  ttrir  own  landing 

faunchTr  ^  horizontal  position  at  the  launch  pad,  and  use  a  strong-back  tilt-up 
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Figure  2.4-16.  Predicted  Overpressures  from  On-Pad 
Explosion  (Snia/i  HLL  V) 
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Sonic  Boom-The  second  stage  vehicle  reentry  will  be  the  source  of  the  most  severe  sonic 
booms  at  the  launch  and  recovery  site.  The  recommended  sonic  boom  overpressure  at  the 
teundary  of  the  government  reservation  is  2.0  psf.  Figure  2.4-17  shows  that  this  2.0  psf 
boundary  for  the  small  HLLV  is  somewhat  less  than  that  required  for  the  large  HLLV. 

Launch  Noise  and  Blast-The  launch  noise  levels  for  the  small  HLLV  will  be  substantially 
less  than  that  for  the  large  HLLV.  Figure  2.4-18  shows  that  adjacent  structures  can  be 
60%  closer  to  the  small  HLLV  launch  pads  when  noise  level  structural  damage  is 
considered.  Figure  2.4-19  siwws  the  minimum  pad  separation  required  based  on  an  on-pad 
explosion.  Tte  pads  can  be  over  4000  ft  closer  together  than  was  required  for  the  large 
HLLV.  This  figure  also  shows  that  the  minimum  distance  to  habitable  areas  can  be  12000 
ft  closer,  based  on  human  noise  exposure  limitations. 

Uppo-  Atmosphere  Effluents-The  small  HLLV  will  deposit  1.71  times  as  much  effluent 
into  the  atmosphere  per  week  as  the  large  HLLV.  However,  this  increase  may  be 
substantially  offset  by  a  slower  rate  of  diffusion  that  will  allow  the  effluents  to  be 
chemically  decomposed  into  non-harmful  constituents. 


Appro* 


Figure  2.4-17.  Minimum  Distance  from  a  Launch  Pad  to  Adjacent-Structures 
Based  on  Noise  Level  Criteria 
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Figure  2,4-18.  Minimum  Distance  from  Launch  Pad  to  Adjacent  Structures  Based  on 
Noise  Level  Criteria 


Figure  2.4-19.  Minimum  Distance  from  Launch  Pad  to  Adjacent  Habitable  Areas 
and  to  Adjacent  Launch  Pads 
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Z5  COST  ANALYSIS 

It  was  estimated  that  the  small  HLLV  would  inherit  several  subsystems  and  technologies 
that  could  be  used  with  suitable  modifications.  The  principad  ones  are  the  following: 

FROM  SHUTTLE 

0  ORBITER  MAIN  ENGINES 

o  THERMAL  PROTECTION  SYSTEM 

o  AVIONICS  <5c  POWER 

o  CREWSYSTEMS 

o  REACTION  CONTROL  SYSTEM 

FROM  OTV 

o  ORBIT  MANEUVER  ENGINES 

FROM  MILITARY  OR  COMMERCIAL  AIRCRAFT 
o  BOOSTER  FLYBACK  ENGINES 

Cost  estimating  factors  are  summarized  in  Table  2.5-1.  The  top  part  of  the  table 
indicates  the  DDT&E  costs.  The  center  part  shows  the  commonality  credits  from  the 
shuttle  and  OTV,  and  the  bottom  summarizes  the  thcoretic.jJ  first  unit  costs  and  learning 
slopes  for  vehicle  production. 

The  development  costs  figures  from  the  Table  2.5-1  are  shown  in  pie  chart  fashion  in 
Figure  2.5-1.  Note  that  totals  are  also  indicated.  The  relatively  small  main  engine 
contribution  for  the  orbiter  results  from  the  assumption  vhat  tlie  space  shuttle  main 
engine  is  to  be  used  essentially  as  is. 

The  principal  contributors  to  cost  per  flight  are  enumerated  in  Table  2.5-2. 

The  scenario  indicated  a  nominal  launch  rate  of  1500  flights  per  year.  The  program 
average  cost  per  flight  is  shown  in  pie  chart  fashion  in  Figure  2.5-2.  As  was  true  for  the 
reference  HLLV,  flight  hardware  for  amortization  of  vehicles  and  spares  and  maintenance 
dominates  the  total.  Ground  system  and  operations  include  those  people  directly  involved 
in  vehicle,  turrvarpund  .operations..  Site  manpower  and  program  support  are  indirect -people 
chargeable  to  launch  operations.  Tooling  sustaining  reflects  a  10%  a  year  figure  based  on 
initial  tooling  costs.  Finally,  propellants  were  costed  as  they  were  costed  for  the 
reference  HLLV. 

The  delta  costs  between  the  small  HLLV  and  the  large  reference  system  are  summarized 
in  Table  2.5-3  page.  Satellite  design  changes  resulted  in  increased  costs  for  the  space 
construction  systems  that  were  reflected  as  nonrecurring  invesrnent  costs  in  hardware. 
The  necessity  to  use  smaller  crew  modules  results  in  a  DDT&E  savings,  but  an  investment 
increase  from  the  need  to  buy  more  of  the  smaller  modules.  Transportation  includes 
direct  DDT<5cE  savings  on  the  smaller  launch  vehicle,  savings  resulting  from  less  complex 
facilities  and  increase  in  the  fleet  investment  and  in  the  HLLV  factory  and  savings 
resulting  from  less  devclopinent  activity  on  shuttle  derivatives  as  a  result  of  having  the 
small  heavy  lift  launch  vehicle.  It  may  be  noted  that  The  large  increase  in  HLLV  factory 
and  tooling  costs  probably,  in  part,  reflects  an  underestimate  in  tooling  for  the  large 
HLLV.  The  cost  model  has  been  updated  since  the  original  figures  were  developed  and 
now  reflect  higher  tooling  costs.  In  the  recurring  column,  results  include  the  cost. of  SPS 
hardware  under  SPS,  the  cost  of  transporting  the  additional  SPS  mass  under  Transporta¬ 
tion,  and  the  cost  of  construction  operation  in  the  third  column.  Recurring  cost  for  the 
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Table  2.41. 

W»M«« 


AIRFRAfC 
MAIN  EKGtHE 
AUXILIARY  PROPULSION 
SUBSYSTERS 

GROUND  t  FLIGHT  TEST  VEHICLES 


RAIN  ENGIht 

OHS 

RCS 

ELEaRIC  POWER  ' 

AVIONICS 

ECASS 


TFU 

AIRFRAI€  t  SUBSYSTEMS 

178 

RAIN  ENGINE  (6  PER  STAGE) 

32 

AUXILIARY  PROPULSION 

<1.5 

W  REO'O) 

Small  HLL  V  Cost  Summary 
DDTIE 

BOOSTER  ORBITER 


■  1977 

3120 

1619 

215 

151 

26 

316 

381 

70<t 

525 

ORBITER  COfmiALITY  CREDITS 

(DDT&E) 

0.95  <SSf£) 
0.8  (OTV) 

0.5  (SHUHLE) 


0.7  (SHUHLE) 
PRODUaiOH 

BOOSTER  ORBITER 


SLOPE 

TFU 

SLOPE 

.85 

187 

.85 

.90 

18 

.90 

.88 

5.1 

.88 

BSKSTER  •  ■ 


ORBITER 


Figure  2.5- 1.  Small  HLLV  Development  Cost 
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Table  2.52.  Cost  per  Flight  (l500//r/ 


ITEI1 

PROGRAH  SUPPORT 
FLIGHT  HARDWARE 
GROUND  SYSTEM  t  OPS 
TOaiNG  SYSTEMS 
PROPELLANT 
SITE  MANPOWER 


1500 

FLICSHTS  PER  YEAR 


PROGRAM 

QjppaRT 


Figure  2.5-2.  Small  HLLV  Cost  per  Flight 


COST  IN  MILLIES  (79$) 

.113 

2.359 

0.35 

0.18 

0.617 

0.612 

<1.231 
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Table  2.5^.  Delta  Cost  SummarY-Small  HLLV 


NONRECURRING 

SPS 

RECITING 

TRANSPORTATION 

CONSTRUCTION 

SATELLITE  DESIGN  CHANGES 

230  (base changes) 

16.3 

90.4 

4.12 

CARGO  LOGISTICS 

250.1 

— 

5.2  . 

SMALLER  CREW  MODULES 

DOTtE 

INVESTROIT 

-2521 

3925  ♦  3A.4 

132.1 

TRAWSPORTATION 

odtae 

FACILITIES  investment 
FLEET  INVESTMENT 

HLLV  FACTORY 

LESS  SHUnif  MODS 

TOTAL 

-3075 

-3049 

790 

1619  ^ 

-3204 

-5000.6 

16.3 

10^0  (hllv) 
-AOO  (rev) 

730.ij 

141.42 

TOTAL -887 

[i>  IHCLUDSS  CREDIT  FROH  SEmNSTRATIOSS  PHASE 
[?>  TOOLIKG  UKDERESTIKATEO  FOB  LARGE  HLLV? 
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small  HLLV  is  higher  than  for  the  large  one,  but  the  small  HLLV  also  accomplishes  crew 
rotation  from  Earth  to  low  Earth  orbit,  resulting  in  a  savings.  The  net  recurring  result  is  887 
millions  per  year,  about  440  millions  per  SPS,  or  roughly  3%  increase  per  SPS. 

2.6  CX3NCLUSIONS/RECOMMENDATIONS 

In  summary,  the  small  HLLV  has  positive  features  and  some  negative  features.  Table  2.6-1 
summarizes  these  positive  and  negative  features.  In  general,  the  positive  features  outweigh 
the  negative  features  and  it  is  recommended  that  the  small  HLLV  be  adopted  as  an  SPS 
reference  system. 


POSITIVE 

0  l£SS  NffiiREaJRRIKfi  COST:  RORE  CCraNM.ITY  WITH  SttUTTlE 
0  eesICED  KOISE  t  some  CVERPESSU^ 

:  0^  LESS  FACIUTIES  COST:  (fFSKDE  PA^  ®T  (EEIO 
0  SIZE  FOR  AlIERMtfVE-  filSSIO^S 

0  CflEH  AS  t*£LL /iS  CAKS3  DELIVERY 

HEGATIVE 

0  SLIGHTLY  HIGHER  P£CURRU!G  COST 

.  GREATER  RUHBER  OF  CCIiSTBUCTIOa  CREW 
_  ,  ._  JttRE  FROPSEUMT  COisSUKED 

0  ISiRE  FREQieST  FU6HTS 
0  f»RE  EFFLUENT  DEPOSITED  IN  UPPER  ATKOSPHEKE 

Figure  2  6-1.  Small  HLLV  Net  Effects 


89 


Y 


D 180-25969-5 


3.0  SHUTTLE-DERIVED  SPS  TRANSPORTATION 


The  p'"l  of  the  shuttle-derived  SPS  transportation  system  concept  was  to  minimize 
tMnsr  tion  development  cost.  The  question  related  to  this  goal  was  detertnination  of 
the  recurring  cost  for  SPS  production  if  this  transportation  system  were  adopted. 

3.1  Initial  Concept 

The  concept  involves  use  of  shuttle  orbiters  and  external  tanks  both  for  Earth-to-orbit  and 
for  orbit-to-orbit  transportation.  In  order  to  reduce  costs  and  increase  performance,  a 
new  booster  is  to  be  designed  and  developed.  This  concept  was  developed  by  3im 
^kerman  of  the  Johnson  Space  Center.  An  initial  configuration  was  provided  as  a  part  of 
tte  Phase  HI  task  statements.  The  configuration  had  certain  known  problems.  First  of 
all,  very  little  volume  was  available  for  SPS  hardware  payloads.  These  hardware  payloads 
are  relatively  low  in  density  and  require  a  large-volume  payload  bay  to  achieve  efficient 
transportation  operations.  Further,  the  origincil  concept  included  a  redesign  of  the 
satellite,  fairly  complex  construction  operations,  and  raised  certain  questions  as  to 
sections  of  satellite  built  at  low  Earth  orbit  could  be  transported  to 
GEO.  Thirdly,  accommodations  for  crew  delivery  for  LEO  to  GEO  were  not  provided. 
Finally,  the  system  included  a  ballistic  booster.  Earlier  studies  of  ballistic  versus  winged 
boosters  had  indicated  that  winged  systems  would  provide  lower  transportation  costs  due 
to  more  rapid  turnaround, 

A  revised  configuration  was  developed  that  included  a  redesign  of  the  external  tank  and 
the  use  of  a  flyback  booster .  It  had  also  been  suggested  that  the  orbiter  be  redesigned  to 
provide  increased  payload  accommodations.  This,  however,  appeared  to  be  in  conflict 
with  the  desired  objective  of  minimizing  development  costs.  If  one  were  to  redesign  the 
orbiter  and  provide  a  new  booster,  one  would,  in  effect,  have  a  small  heavylift  launch  . 
•vehicle.  (That  option  was  reported  in  the- previous  section  of  this  report). 

Figure  3.1-1  shows  the  principal  features  of  the  modified  system.  Cargo  space  is  provided 
in  the  external  tank.  The  shuttle  cargo  bay  provides  sufficient  volume  for  personnel 
accommodation.  The  flyback  booster  and  interstage  structure  provide  for  launch  of  the 
■shuttle  arid  external  tank  to  the  proper  staging  conditions. 

Cargo  is  launched  to  low  Earth  orbit  with  the  configuration  illustrated.  Some  of  the 
external  tanks  with  cargo  space  are  to  be  used  for  orbit-to-orbit  transportation.  These 
are  provided  with  better  thermal  insulation  for  roughly  a  week's  stay  time' in  low  Earth 
orbit.  Additional  launches  with  relatively  conventional  external  tanks  bring  propellant  to  - 
low  Earth  orbit  to  fill  the  orbit  transfer  ET  systems.  The  relatively  high  performance  of 
the  large  flyback  booster  allows  the  system  to  arrive  in  orbit  with  substantial  propellant 
remaining  in  the  externc.1  tank.  This  is  then  transferred  to  the  orbit  transfer  ET's  until 
they  are  fully  loaded  with  propellant. 

In  order  to  provide  an  adequate  mass  fraction  for  orbit  transfer  and  allow  the  shuttle 
orbiter  to  go  along  as  a  propulsion  system  and  crew  transfer  system,  several  external 
tanks  are  docked  together  end-to-end  to  provide  a  very  large  orbit  transfer  system  with 
great  propellant  mass. 

The  principal  featurs  of  the  revised  system  are  tabulated  in  Table  3.1-1.  Note  that  three 
types  of  external  tanks  are  required.  All  cargo  for  launch  from  Earth  to  orbit  is  housed 
internally  to  the  external  tank  payload  bay.  For  -arbit  transfer,  this  is  not  necessary  and 
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SHUmt  CARGO  BA»  COR 
ADOtO  CARGO  OR  RCRSONNEL 


Figure  3.  /- 1.  Modified  Shuttle  SPS  Transportation  System 
Cargo  Launch  Configuration 


Table  3.  /•  1.  Features  of  Revised  System 


0  CARGO  SPACE  IN  ET  ALLOl^  DELIVERY  OF 
CARGO  TO  GEO  &  ALL  CONSTRUCTION  AT  GEO, 

0  ADEQUATE  VOLUME  BE  PROVIDED. 

.  .  .  .  .  ,  p  .  0RBI.TER  BAY  AVAILABLE  FOR  PERSONNEL 

0  THREE  ET  VERSIONS. 

(1)  ‘'REGULAR'  -  PROPELLANT  DELIVERY  TO  LEO - 

MOOIFrED  ONLY  FOR  PROHELUNT 
ACQUISITION  AND  TRANSFER 

(2)  CARGO  TO  LEO  -  CARGO  BAY  ADDED 

(3)  LEQ-6E0 

0  CARGO  BAY 

^  0  FLOWER  PETAL  NOSE 

0  BEHER  INSULATION 
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.  K'.  those  external  tarks  not  configured  lor  orbit  transfer  will 

A  number  of  dudx'^id"^»''' sia'an^atw 

The  three  principal  '’"'‘‘“f*  "t ' of  external  tanks  to  be  provided  lor  each  transler 
flyback  optimization,  and  nu  ^  ^  question^ 

iUvht  Crew  accommodations  in  tne  or  on 

^  *  .  I  c  thp  ISAIAH  Systems  Modeling  Software 

In  order  to  conduct  the  optimization  allows  one  to  very  quickly  develop 

Spfe^  was  employed.  The  ISAIAH  »nw.re,  m  e»ec  .^1  ,.andardixing  those  things 

?Sirc^- rosfol^li  dS"y^^’'...e.opi^  computer  models.  Table  ,.2-. 

summarizes  the  features  Of  this  system.  •  „  Kmt  Soace 

The  ISAIAH  System  ukurates  with  ^  c^d'^L^f  ^e 

mainframe  and  plot  files  are  ^  illustrates  the  coinjxiter  network. 

raoid  plotting  of  results.  Hgure  .>.z  i  mu  j, 

^  "  _.  1  9  ■?  md  3  2-3.  The  segment  of  the  model 

“iStr  T^XSarS  S^nef^i  Se  l.r,dled  autematically  with  the  Ismab 

software.  •  c  ^2-3  As  the  ideal  staging 

The  analysts  of  the  upper  stages  is  in"  reSerthu's  incr 

Velocity  mcreaserx.  as  the  ideal  staging  velocity  increases,  larger 

Tnd  l^rgef  Ks  "rl  Se  ^e'^Sed  so  one  would  exp<*ct  a  minimum  cost  point. 

The  next  several  figures  shown  booster  mass  ar^ 

■■  This  is  a  key  relationship  for  establishing  the 

flyback  optimization.  * 

,  •  Th  fknele  decreases  with  increasing  staging  velocity  as  shown 

Surfl2"/i;.t';«h'’:;glc"^mpor,ao.  in  er.ahl.shing  Ilyback  range. 

Shown  in  Figure  3.2-g  H  the  rela.ionsbip  of  rolame  s, aging  vcl  , 

velocity.  .  .  » 

The  ,,  hack  range  is  composed  of  fy' “T^re'r^nge'a^  Sr|;farf roSn^o. 

Tal'  Figure  (b-kl,  H.  rnas.  Hyhack  range  as  a  funcion 

M  pith  angll  and  inertial  staging  velocity  are  shown. 


3.2-9. 
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Tabh  3.2- 1.  ISAIAH  Description 


•  STAMDAIOIZED,  STRUCTURED  PROCEDURE  Nil  SOFTWARE  SYSTEM  Fd 

INTERRELATIONSHIPS  AND  SEKSITIViTY  WWLYSIS 


.  HOOELIBG  ICTHODOLOGY 
.  input  LANGUAGE 
.  INTERNAL  LOGIC 
.  DIAGNOSTICS 
.  OUTPUT  FOfKAniNG 
,  PLOT  ROUTINES 


NINETY  PERCENT  tSF  THE  CKI  AND  SSS  TJC  TROUBLE  IN  A  LARGE 
C0f5>UTER  PROGRAM  IS  INPUT.  OUTPUT.  LOGIC  STRUaURE.  AND  FILE 
HANDLING.  THE  RATIO  IS  SOMEWHAT  HORSE  IF  CK^UTER  GRAPHICS  IS 
USED.  WITH  THE  ISAIAH  METHODOLOGY  AU  Of  THIS  STUFF  IS  ALREADY 
THERE  AND  D££SN'T  NEED  CHWLGIKG. 


®lNTERRCTtve  COHf‘UTeR 
GRAPHICS  FACILITY 


Figure  3.2- 1.  iSA  I A  H  Computer  Hookup 
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Figure  3.2  2.  Shuttle- Derived  System  Optimization  ( Booster} 


Figure  3.2-3.  Shuttle-Derived  System  Optimiiation  (Upper  Sieges  and  Total} 
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FT  rosts  were  comouted  based  on  the  theoretical  first  unit  for  the  basic  ET  and  on  a  delta 
tiScTl  first  iit  for  tho  additional  mass  of  payload  bay  which  m  tom  dopends  upon 
^a,l“d  delLerablo  per  flight.  The  delta  TFU  is  shown  m  Figure  3.2-10. 

The  orooellant  transferrable  is  dependent  upon  the  propellant  remaining  at  staging.  For 
JeUtwX  low  .alues  0  propellant  remaining,  very  little  propellant  is  transferrable  sin« 
m»!  of  It  will  te  vapofized  by  the  tank  vapor  residuals  and  the  tank  wall  mass.  The 

model  relationship  is  shown  in  Figure  3.2-11. 

The  next  several  figures  summarize  results. 

The  first  run  of  the  model  e.xamined  the  importance  of  booster_wing  area.  Wing  area  was 
found  not  to  be  a  very  important  parameter  as  shown  in  Figure  3.2-13. 

Laree  wing  areas  actually  reduce  booster  start  flyback  inerts  as  the  improvernent  of  L/D 
is  more  important  than  the  increase  in  wing  mass.  This  is  shown  in  Figure  3.2-12. 

The  orbit  transfer  propellant-to-cargo  is  the  wUh^a°rgi^ 

KS  biSo  ^ 

flilSS.  3!^!rs^l;'t’h^"h  1^:,  “l  :£t  .n/nsfe. 

as  expected,  the  trend  is  opposite  to  the  numbers  of  flights. 

Figure  3.2-17  shows  the  annual  number  of  propellant  launches.  This  is  driven  by  the 
propellant  transferable  and  is  a  primary  cost  driver. 

Disolaved  in  Figure  3.2-18  is  the  total  annual  cost  for  con.struction  of  two  SPS's  per  year 
St  funchonoT  booster  propellant  load  and  number  o^^Ps  per  orbit  t^a^nsje.  It^is 
evident  that  large  boosters  are  important  and  that  using  at  1  P 

transfer  is  desirable. 

The’sameresulfs  are  displayed  in  Figure  3.2-19  in  terms  of  cost  per  kilogram.  ■ 

r  icrs!i'd"^^pi''o;-ri^d  o^x;/2.ooo 

metric  tons. 

3.3  CONCLUSIONS 

A  number  of  develoomental  requirements  are  necessary  in  order  to  implement  the  shuttle 
IrwTd' ystom.  ThS  arc  summarized  in  Tabic  3.5-1.  Several  changer  to  thb  ;«terria 
tank  are  required  and  orbiter  crew  accommodations  of  up  to  30-^0  crew  are  ncedvd  f 
the  orbit  trLsfer  These  crew  accommodations  can  be  provided  in  the  payload  bay.  A 
n?w Targe  booster  is  required  and  the  orbiter/external  tank  flight  operations  technolop 
“voivciln  u'nirring 'propellant  and  flying  LF.O  to  CEO  orbi.  Iranstcrs  mus.  aho  be 
developed. 

H’2 

small  heavy  ifit  launch  vehicle.  The  shuttle  derived  system  optimizes  with  payload  to 
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wfaC'Kitveo  in  TiRuV'Ofii&noN  tosi  opukuatiqh 


Figure  3.2-10,  Model  inputs  (Continued) 


5*»ufTte«oeeivtQ  in  TcussPoeTRiiea  coji  optihumiw 


Figure  3.2- 1 1,  Model  inputs  (Continued) 
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ShuTTlC'OCSIVCO  5P5  IRfiKSPORTftT ION  COST  Of I  INI 2RT ION 
SMUTILt  UCNIf  (HIUICH  ) 

CoPVfS  VRLUCS  or  OOOSTCB  PDOPCllflNT  LOAD  (TONNCS  ) 
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Figure  3.2-12.  Wing  Area  Effects 

Shuttle ‘Dtfi I VEO  5PS  TRRnSPO»Tftr ION  COST  OPTlM12ftTlOH 
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Figure  3.2-13,  Booster  Start  Flyback  Inerts 
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Figure  3.2-20.  Shuttle-Derived  SPS  Transportation  Cost  Optimization 
Total  Annual  Cost  (Million  j 


Table  3.3-1.  Shuttle-Derived  Development  Requirements 


•  ET  CARGO  BAY  (CARGO  ET'S  ONLY) 

•  ET  IMPROVED  INSULATION  (ORBIT  TRANSFER  El'S) 

•  ET  DOCKING  (ORBIT  TRANSFER  ET'S) 

•  ET  PROPELUNT  TRANSFER  EQUIPMENT 

(PROPELLANT  ET'S  m 
ORBIT  TRANSFER  ET'S) 

•  ORBIIER  CREW  ACCOMMODATIONS  ’  30  TO  NO 

o  new  BOOSTER  5000  TO  6000  TONNES  GROSS  BOOSTER  MASS 

•  ORBITER/ET  FLIGHT  OPER/MIONS 
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orbit  per  flight  in  the  range  of  300  tonnes.  This  pa/load  capacity  is  too  large  for  many 
other  applications,  a  criticism  also  directed  at  the  large  SPS  reference  lieavy  lift  launch 
vehicle. 

It  is  recommended  that  the  small  heavy  lift  launcii  vehicle  be  selected  as  the  SPS 
reference  system.  That  small  vehicle  was  described  in  the  previous  report  section.  The 
shuttle  derived  concept,  however,  stiould  be  retained  as  an  option  for  furtlier  considera¬ 
tion  and  ree):amincd  in  light  of  shuttle  operating  experience  after  a  few  shuttle  flights 
have  been  accomplished. 
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♦.0  ELECTRIC  ORBIT  TRANSFER  VEHICLE  (EOTV)  ANALYSES 
♦.1  INTRODUCTION 

The  electric  orbit  transfer  vehicle  analysis  conducted  sensitivity  studies  relative  to  the 
reference  EOTV  system.  The  principal  subjects  of  investigation  were  thermal  effects  in 
low  Earth  orbits  and  the  sensitivity  of  the  vehicle  system  design  to  the  success  of  solar 
array  annealing  technology. 

♦•2  THERMAL  EFFECTS 

The  original  analyses  of  the  electric  orbit  transfer  vehicle  presumed  that  the  solar  array 
output  would  be  equivalent  to  that  expected  at  geosynchronous  orbit  without  significant 
thermal  radiation  effects  due  to  the  proximity  of  the  Earth.  Much  of  the  orbit  transfer 
propulsion  operations,  however,  take  place  near  the  Earth  where  reflected  solar  radiation 
and  infrared  radiation  from  the  Earth  raise  the  so^ar  array  temperature  from  the 
geosynchronous  orbit  value  of  40^^C  to  as  much  as  70  C.  The  result  is  a  reduction  in 
output  from  the  solar  array.  Silicon  solar  cells  have  a  temperature  coefficient  of 
approximately  0.4%  per  degree  C.  Thus,  a  20”c  increase  in  temperature  reduces  the 
output  by  about  8%. 

Unlike  power  supplies  for  satellites  where  the  supply  output  must  always  exceed  the 
demand  from  the  satellite,  an  electric  orbit  transfer  vehicle  may  be  designed  to  utilize 
whatever  power  outfxjt  is  available  from  tlie  array.  Consequently,  in  order  to  investigate 
the  significance  of  thermal  effects,  it  was  necessary  to  develop  a  simulation  which 
determined  the  output  of  the  array  as  a  function  of  orbit  geometry  and  then  applied  this 
output  to  thrust  generation  to  simulate  the  orbit  transfer  mission  with  thermal  effects.  In 
order  to  do  this,  thermal  analyses  were  conducted  to  predict  solar  array  temperature  as  a 
function  of  orbit  altitude  and  aspect  angle.  Results  of  these  simulations  are  presented  in 
Figure  4.2-1*  These  results  were  incorporated  into  a  table  look-up  tlvat  was  made  q  part 
of  the  orbit  transfer  simulation  routine.  The  orbit  transfer  simulation  was  then  used  to 
predict  orbit  transfer  performance  with  thermal  effects  included. 

A  second  concern  is  the  question  of  start-up  tin)c  for  the  electric  thrusters.  Once  the 
EOTV  emerges  from  the  Earth's  sl>adow,  the  solar  array  temperature  must  stabilize  and 
the  electric  thrusters  must  be  started  before  eiectric  propulsion  for  raising  of  the  orbit 
can  commence.  Estimates  of  the  time  required  to  start  electric  thrusters  span  a  wide 
range.  The  most  reasonable  estimates  appear  to  be  a  time  delay  of  approximately  10 
minutes.  This  is  also  consistent  with  the  time  required  to  stabilize  the  solar  array 
temperature  after  emergence  from  shadow.  Therefore,  a  time  delay  of  iO  minutes  was 
examined  in  the  orbit  transfer  simulations  to  ascertain  sensitivity  of  orbit  transfer 
performance  to  time  delay.  Figure  4.2-2  compares  the  orbit  transfer  performance  with  no 
time  delay  or  thermcil  effects  to  performance  with  thermal  oHects  only,  and  to 
performance  with  thermal  and  time  delay  effects. 

The  range  of  solar  array  temperatures  results  from  changes  in  orbit  aspect.  Every  400th 
integration  step  is  plotted;  roughly  every  five  revolutions  of  the  Earth.  For  this  reason 
the  temperature  data  look  like  a  random  sampling,  Darkside  temperatures  v/ere  not 
included  in  the  table  lcx)kup  as  the  electric  thrust  is  "shut  off*  on  the  dark  side  by  an 
occuitation  subroutine  included  in  the  simulation. 

Chemical  thrusters  arc  used  in  the  d  irk  side  to  maintain  attitude  control.  The  thrust, 
just  sufficient  to  counter  gravity  gradients;  the  orbit  is  not  raised  by  the  chemical 
thrusting.  This  non-impulse  propelkmt  flow  reduces  the  effective  specific  impulse  of  the 
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Figuro  4.22.  Orbit  Transfer  Simulations- Electric  Orbit  Transfer  Vehicle 
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transfer.  As  the  orbit  altitude  increases,  the  cumulative  average  specific  impulse 
increases  because  shadowing  and  gravity  gradients  both  decrease. 

Thermal  effects  slightly  increase  the  transfer  time  and  slightly  decrease  specific  impulse 
(the  latter  because  the  delivered  electric  impulse  is  slightly  decreased  while  the  chemical 
is  not). 

The  ten-minute  time  delay  is  much  more  significant  as  may  be  seen  from  the  figure.  In 
this  case,  the  chemical  impulse  delivered  is  increased  at  the  same  time  the  electric  is 
decreased. 

These  degradation  effects  may  be  expressed  in  terrhs  of  a  correction  factor  that  corrects 
the  trip  time  performance  of  the  system  for  reduced  output  due  to  thermal  effects  and 
increased  trip  time  due  to  start-up  delay  effects#  The  estimated  Isp  correction  factor 
derived  from  these  results  was  0#785  (The  actual  Isp  is  0.785  of  the  electric  Isp 
considering  thermal  and  time  delay  effects).  Similarly,  the  actual  trip  time  is  extended 
about  35%  from  the  idealized,  unocculted  case.  The  systems  analysis  results  employed 
correction  factors  representing  the  combined  effects  of  thermal  and  time  delay. 

*.3  MAGNETOSPHERE  ALTERATIONS 

Further  speculation  has  been  directed  to  the  question  of  disruption  or  alteration  of  the 
Earth’s  magnetosphere  by  the  high-power  electric  propulsion  plumes*  It  is  not  presently 
known  if  this  is  a  significant  problem.  If  it  is,  substantia!  mitigation  of  the  problem 
should  be  available  through  use  of  hydrogen  in  place  of  argon  as  an  electric  propulsion 
propellant  and  use  of  either  arc  jet  or  magnetoplasmadynamic  (MPD)  thrusters  rather  than 
ion  thrusters.  The  reasons  are  that  hydrogen,  unlike  argon,  is  quite  plentiful  in  the 
magnetosphere  and  furtlier,  that  tlie  arc  jet  or  MPD  thrusters  will  produce  a  plasma 
relatively  little  ionized  compared  to  that  expelled  by  argon  ion  engines.  MPD  thrusters 
are  expected  to  exhibit  somewhat  better  efficiency  at  lov/  specific  impulse  and  poorer 
efficiency  at  high  specific  impulse  compared  to  ion  thrusters.  Figure  4.3-1  shows  a 
projection  of  MPD  thruster  performance.  It  may  be  compared  with  the  ion  engine 

thruster  performance  estimate  shown  in  Figure  4.4-6. 

6.4  PERFORMANCE  UPDATE 

Systems  analysis  of  the  electric  orbit  transfer  vehicle  was  conducted  employing  the 
ISAIAH  computer  program  routine  for  operation  of  an  EOTV  systems  model.  The 
performance  segment  of  the  model  was  based  on  the  generalized  trip  time  equation 
discussed  in  Appendix  A.  This  trip  time  equation  allows  analysis  of  orbit  transfer, 
performance,  mass,  and  cost  based  on  c'osed  form  expressions  employing  iteration  of 
electric  orbit  transfer  vehicle  mass  properties. 

The  most  important  part  of  the  simulation  is  the  transfer  performance  simulation.  This  is 
diagrammed  in  Figure  4.4-1.  The  critical  part  of  this  computation  network  is  the 
determination  of  required  jet  pov/er.  The  one-way  mass  ratio  is  computed  from^the 
electric  specific  impulse,  a  specific  impulse  degradation  factor  determined  by  6  of 
freedom  orbit  transfer  simulations  that  includes  chemical  attitude  control  in  Earth's 
shadow,  and  the  one-way  delta  v.  The  electric  propulsion  power  system  is  sized  for  the 
available  electric  power  at  the  beginning  of  the  up  trip.  During  the  up  trip,  the  available 
electric  power  will  be  degraded  as  a  result  of  passage  of  the  vehicle  through  the  Van  Allen 
radiation  belts.  Consequently,  the  trip  time  expression  is  divided  into  an  expression 
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relating  that  portion  of  the  trip  time  that  occurs  prior  to  degradation  and  a  second  portion 
that  relates  trip  time  subsequent  to  the  radiation  degradation  effects.  These  segments  of 
the  trip  time  expression  are  incorporated  in  a  mass  ratio  function. 

A  second  important  function  is  a  power  function  dependent  upon  the  required  up  trip  time 
the  time  factors  related  to  occulatation  and  thermal  effects,  and  the  electric  specific 
impulse  and  its  degradation  factor.  The  power  function  and  the  mass  ratio  function  are 
multiplied  together  with  the  electric  orbit  transfer  vehicle  mass,  arriving  at  geosynchron¬ 
ous  orbit  in  order  to  determine  the  required  jet  power.  This  required  jet  power  specifies 
the  power  required  for  the  rith  trip,  (the  first  trip,  the  second  trip,  fifth  trip,  or 
wlwtever).  The  vehicle  design  jet  power  is  based  on  the  first  trip.  Consequently,  it  is 
related  to  required  jet  power  through  a  power  ratio  derived  from  prior  exposure  to 
radiation  degradation  and  whatever  annealing  assumptions  way  be  employed.  The  design 
jet  power  is  ^so  translated  to  design  electric  power  based  on  thruster  and  power 
procewor  efficiency  which  in  turn  is  based  on  the  electric  specific  impulse.  The  design 
e  ectric  power  determines  the  mass  of  all  elements  of  the  electric  propulsion  system 
except  the  solar  array.  The  solar  array  itself  is  designed  to  provide  an  initial  or  array 
design  power  that  is  based  on  no  degradation,  thus  it  is  larger  than  the  design  electric 
power  by  an  additional  degradation  power  ratio.  The  array  design  power  determines  the 
array  area  and  the  latter  then  determines  the  arrav  mass  through  incorporation  of  the 
array  mass  per  unit  area,  in  turn  a  function  of  cover  glass  thickness.  These  mass 
estimating  factors  allow  determination  of  the  total  EOTV  mass  which  is  then  fed  to 
calculation  of  the  mass  arriving  at  geosynchronous  orbit  which  in  turn  is  fed  back  to  the 
required  jet  power.  The  iterations  implied  in  this  network  are  handled  automatically  bv 
the  ISAIAH  methodology.  / 

Several  of  the  input  interrelationships  were  provided  in  the  form  of  tables.  These  are 

displayed  in  Figure  4.4-2  through  4.4-10.  .  . 

4.5  MASS  AND  COST  ESTIMATES 

The  EOTV  mass  is  calculated  from  high-level  mass  estimating  factors  relating  the  solar 
array  mass,  the  power  processor  mass,  thruster  mass,  and  auxiliary  propulsion  masses  to 
array  and  design  electric  powers  respectively.  These  masses  are  then  apportioned  to 
lower  level  mass  estimates  as  described  in  Figure  4.5-1.  Cost  estimating  includes 
consideration  of  investment  cost,  HLLV  lift  cost,  and  EOTV  amortization  and  trip  time 
costs  as  diagrammed  in  Figure  4.5-2. 

Four  cases  were  investigated.  The  first  is  the  reference  EOTV  case  with  75  micron  cover 
glasses,  argon  ion  thrusters  with  solar  array  annealing.  The  cost  per  kilogram  results  for 
this  case  are  illustrated  in  Figure  4.5-3,  The  second  case  examined  was  the  same  system 
without  solar  array  annealing.  Array  degradation  is  so  rapid  that  one  may  expect  no  more 
than  3  trips.  The  system  cost  with  3  trips  was  hand  calculated  as  about  80/kg. 

thickness  allows  substantially  more  trips  (up  to  10).  The  fluence  for 
180  day  trip  as  a  function  of  cover  glass  thickness  was  presented  in  Figure  4.4-2.  The 
resulting  cost  effects  are  presented  in  Figure  4.5-4.  This  clearly  shows  that  thicker 
coverglasses  are  preferable  to  short  life. 

Figure  4.5-5  shows  the  expected  cost  effects  of  the  use  of  the  MPD  thrusters  with- an 
otherwise  reference  system.  Figures  4.5-6  and  -7  compare  the  cost  effects  on  the 
thick-cover  argon  ion  system  and  the  MPD  system  of  the  thermal  and  time  delay  effects 
predicted  from  the  orbit  transfer  simulation  analysis. 
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Figure  4.5-2.  EOTV  Flight  Cost  Factors 
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Figure  4.5-4.  Systems  Performance  and  Cost  Model  for  F/ectric  OTV 
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Finally,  Figure  4.5-8  is  a  bar  chart  comparing  costs  of  the  various  systems  investigated  to 
a  chemical  orbit  transfer  vehicle  system  cost,  all  based  c.i  the  same  HLLV  launch  cost 
estimates.  Results  of  Figure  4-5-8  were  taken  for  trip  times  near  180  days.  Longer  trips 
are  somewhat  more  cost-effective  for  the  penalized  EOTV  cases  as  was  shown  on  the 
earlier  charts. 

Additional  data  and  plots  from  these  studies  are  included  in  Appendix  B. 
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5.0  TECHNOLOGY 

No  new  technology  was  developed  as  a  result  of  this  study.  Three  transportation 

technology  reconnmendations  were  developed: 

1  Hvdroeen  MPD  arc  jets  appear  to  be  viable  as  a  backup  propulsion  mode  for  electric 
orbi!  uansfer  vehicles,  should  argon  ion  engines  prove  to  be  env.ro^entally 
detrimental.  This  conclusion  is  based  on  forecasts  of  MPD  perform^ce  developed 
by  Princeton  and  3PL,  with  duty  cycle  assumptions  developed  by 

costs  are  sensitive  to  specific  impulse  and  efficiency.  For  the  hydrogen  MPD 
Ster  to  be  a  viable  backup  it  needs  an  Isp  of  at  least  5000  seconds  and  an 
efficiency  of  at  least  50%.  (Present  projections  exceed  these  targets).  Furtherance 
of  MPD  technology  to  provide  a  more  concrete  assessment  of  capabilities  is  strong  y 
recommended. 

2  The  EOTV  was  found  to  be  very  sensitive  to  electric  propulsion  start  delays.  A  ten- 
mlLte  deiry  (after  leaving  Earth's  shadow)  increases  LEO-to  CEO  costs  almost 
10%.  Accordingly,  research  leading  to  minimal  propulsion  startup  times  is  strongly 
recommended, 

3,  Further  research  on  solar  cell  radiation  degradation  and  annealing  should  be  given 
high  priority. 
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6.0  CONCLUSIONS 


The  shuttle  derived  transportation  system'  was  lound  to  be  of  sufficient  interest  to 
be  retained  as  an  option  for  further  consideration.  Its  launch-to-orbit  cost 
performance  approaches  that  of  a  more  conventional  HLLV,  but  only  at  large 
payload  capabilities  exceeding  250  tonnes.  The  orbit-to-orbit  cost  performance  is 
significantly  less  than  that  for  the  EOTV. 

A  "small"  heavy  lift  launch  vehicle  was  found  to  be  highly  attractive  for  SFS 
transportation.  Significant  nonrecurring  cost  advantages  are  obtained  with  only 
minor  recurring  cost  penalties.  The  specific  vehicle  analyzed  has  about  the  right 
characteristics: 

Payload  Bay  Volume  22  x  1 1  meters  cross-section 
15  meters  long 

Lift  Capability  125  tonnes  to  500  km 
30°orbit 

Liftoff  Mass  ■  9000  tonnes 

This  vehicle  is  compared  with  others  in  Figure  6-1. 

The  electric  orbit  transfer  vehicle  is  a  viable  option  without  annealing.  If  annealing 
cannot  be  developed,  significantly  more  shielding  (150  microns  to  200  microns 
coverglass)  should  be  used  to  increase  array  lifetime.  Thermal  effects  in  low  Earth 
orbit  are  not  very  important;  the  effects  of  electric  thrust  start  delays  are  more 
significant.  A  ten-minute  start  delay  leads  to  about  a  10%  cost  penalty. 

Hydrogen  MPD  arcjets  can  be  used  if  argon  ion  engines  prove  unsuited  for  EofV  use 
because  of  magnetosphere  effects.  With  present  estimates  of  MPD  performance, 
the  ion  option  provides  about  10%  better  cost  performance. 
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7.0  RECOMMENDATIONS 


The  small  HLLV  should  be  adopted  as  the  SPS  reference  launch  vehicle. 


A  study  should  be  performed  to  assess  applicability  of  this  small  HLLV  to  alternate 
missions  in  the  post-1990  period.  The  study  should  attempt  to  develop  an  evolution 
strategy  for  national  heavy-lift  transportation  capability,  including  interim  systems 
emoloying  shuttle  elements  as  well  as  shuttle  improvements. 


The  shuttle-derived  transportation  option  should  be  retained  as  a  backup  and 
examined  further  after  initial  shuttle  flight  experience  is  obtained. 


The  electric  orbit  transfer  vehicle  (EOTV)  should  be  retained  as  the  reference  orbit- 
to-orbit  cargo  system.  Three  technology  efforts  were  identified; 

a.  Hydrogen  M  PD  arcjets 

b.  Rapid  startup  of  electric  propulsion  ^ 

c.  Additional  research  on  solar  array  radiation  degradation  and  annealing 
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APPENDIX  A 

ELECTRIC  PROPULSION  SYSTEMS  ANALYSIS 
USING  THE  TRIP  TIME  EQUATION 

Presently  contemplated  applications  of  electric  propulsion  include 
planetary  and  comet  missions  and  Earth  orbital  missions.  Analysis  of  the 
former  is  complicated  by  the  fact  that  mission  delta  V  and  trip  time  are 
interrelated;  trajectories, must  be  found  and  optimized  by  numerical  integra¬ 
tion.  The  mission  delta  V  for  Earth  orbit  missions,  however,  is  essentially 
independent  of  trip  time.  Analyses  that  are  good  approximations  (within  a 
few  percent)  are  possible  using  closed-form  equations. 

Delta  V 

The  mission  delta  V  for  coplanar  circular  orbit  transfers,  e.g., 

LEO  to  GEO,  is  well -approximated  by  the  Tsieu  formula.  This  states  that 
the  low-thrust  delta  V  to  change  orbits  is  just  the  difference  in  orbit 
velocities.  Example:  the  orbital  velocity  at  500  km  altitude  is  7613  m/s. 
The  velocity  at  GEO  is  3075  m/s.  Hence  the  low-thrust  delta  V  is  4538  m/s 

If  a  plane  change  is  required  (as  is  usual)  the  delta  V  calculation 
is  no.  longer  so. simple.-.  An  .optimization  is  required,  because  thrust-can  be 
used  to  change  plane  and  altitude  at  the  same  time.  '• 

Retaining  the  circular  orbit  approximation  of  Tsieu,  one  can  perform 
an  explicit  double  integral  to  get  delta  V  to  change  plane  and  altitude. 

An  optimal  law  for  plane  and  altitude  change  yields  about  5850  m/s  for 
orbit  transfer  from  30°,  500  km  to  geosynchronous  orbit.  6000  m/s  was  used 
for  this  analysis. 

Trip  Time  Equation 

With  the  delta  V  for  a  given  mission  specified,  a  very  simple  equation 
can  be  derived  to  characterize  the  electric  orbit  transfer  vehicle.  It -is 
often  called  the  "trip  time  equation." 
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It  is  the  low-thrust  analog  of  the  Tsiolkovskii  equation;  it  has  the 
same  wide  applicability.  It  is  very  simply  derived  as  follows: 

t  =  mp/mp  (trip  time  in  seconds) 
where  mp  is  propellant  mass  and  mp  is  mass  flow  rate. 

Jet  power  is  expressed  as: 

Pj  =  mpu^/2 

where  u  is  jet  velocity.  ^ 

mp  is  therefore  expressed  as  mp  =2p/u 


Substituting  in  the  previous  equation, 
t  =  (mp/u^)(2pj) 

Employing  now  the  definition  of  the  terms /k from  the  Tsiolkovskii  equation 


W) 

vy\  -  rvip 


where  m  is  total  startburn  mass  less  propellant  mass;  and  solving  for  mp; 


VYIp  =  VU 


Substituting  in- the  aboye.,-  .....  . 

t  -  P3)  = 

where  c  is  the  specific  pov/er-to-mass  ratio  of  the  total  inert  mass,  in 
kg/watt.  If  it  is  desired  to  show  separately  the  propulsion  vehicle  and 

payload  mass, 

t  ‘ 'S'C'’ 

where  t  is  trip  time  in  seconds, 

C'is  specific  mass  of  the  (empty)  propulsion  vehicle  in  kg  per  watt 
of  jet  power,  not  including  propellant, 

‘is  the  ratio  of  payload  to  empty  vehicle  mass 
p  is  exp  A  v/u, 
u  is  jet  velocity. 
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APPENDIX  A 

Thus,  this  one  relatively  simple  equation  relates  power  production  performance, 
payload  ratio,  mission  Av,  jet  velocity,  and  trip  time.  Note  that  the 
equation  is  in  terms  of  jet  power,  i.e.,  cj  =  c^/n  where  n  is  net  processor 
and  thruster  system  efficiency. 

The  specific  mass  of  the  vehicle  will  vary  somewhat  with  propellant 
load.  It  is  possible  to  derive  an  expanded  form  of  the  trip  time  equation 
that  explicitly  includes  the  dependence  of  vehicle  mass  on  propel land  load. 

With  the  ISAIAh  methodology,  this  is  not  necessary  as  the  propellant  system 
mass  can  be  computed  from  the  propellant  mass  and  fedback  to  the  trip  time 
equation;  the  ISAIAH  iteration  procedure  closes  the  loop. 

It  is  important,  however,  to  include  other  effects:  Isp  degradation 
due  to  Earth  shadowing  and  gravity  gradients;  trip  time  extension  due  to 
Earth  shadoviing;  and  solar  array  power  output  degradation  due  to  passage 
through  the  Van  Allen  belts. 

The  first  two  of  these  effects  must  be  assessed  by  detailed  flight 
simulation.  Results  of  the  simulations  can,  however,  be  introduced  into  an 
electric  OTV  systems  model  in  the  form  of  "finagle  factors."  This  is  done 
by  dividing  the  up- trip  into  two  parts,  a  stepwise  approximation  to  radiation 
degradation. 

Power  available  on  up-trip  is  as  sketched: 


where  the  02  represents  degradation  from  prior  trips,  e.g.,  the  dov/n  trip, 
and  perhaps  earlier  flights. 
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The  effective  Isp,  considerir9  chemical  thrusting  during 


occulations. 


where.  A  is  the  correction  to  electric  Isp  for  chemical  thrust,  e  is  a  trip 
time  extension  factor,  and  and  m,  are  electric  and  chemical  time-averaged 


mass  flow  rates. 


This  yields 


\-r  = 

A  - 

; 


Where  o  is  the  ratio  liic/mp 


Sieving  forc^^ 


«  „  (.i-X)C<-£>> 


The  time-averaged  mass  flow  is 
'  •  •  ■  ■-  ■  '  •  :  ’  •  VM  (  l  - 

—  ^  0  —  ©  +  olC© ) 


and  plugging  in  for  , 


'  /  ,  ,  (Ti-OXi- A')  \ 


-- 


(.-0) 
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T  - 


and  solving  for 

where  "^is  trip 


appendix  a 

^ ^ M 3 

2  <>3  Pji- C'x^) 


Val 


[ (M.^-<')JU.^,  *  Mcrrv 


Pj 


,  required  jet  power: 


S  T  (i- 


■  IT  V  C<-^)  I 


M(nv 


time  split  factor  -  0.35 
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SELECTED  EOTV  DATA 
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1%  TOTAL  UP*RET.  POWER  RATI  = 

15  TMRUSTER-PPU  EFFICIfNCY  = 

16  lOEALI/EO  4C I  POWER  = 

If  THRUSTER  SPECIFIC  PASS  r 
|R  /ETA  CMARACrCRlSHC  = 

19  STARTBUFN  LAHfDA*  s 

23  POWER  PROC  SPECIFIC  PASS  = 

21  AUX  STS  SPEC  FASS  s 
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23  OCCR  POWER  RA110/PRI0R  = 
2A  OEGR  PRIOR  LOC  FLUENCE 
2S  ICOTV  FIaCO  pass 
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2f  DESIGN  JET  PONCR 

28  AVG  JET  POWER  UP 

29  CCSIGN  ELEC  PCWER 
3C  array  design  rowcR 
21  RETURN  TRIP  I IHE 
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2f  PWP  CCN  L  OISTR  NASS 
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65  THRUST  PER  COI'N!  « 

66  TOTAL  NO.  OT  THRUSTERS 

67  NO.  OF  THRUST IRS/CORNER 
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69  DUMMY 

TO  thrust  instl  spec  mass 
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74  P  GEN  A  D  SYS  COST 

75  fPS  COST 

76  TRIP  TIME  COST 
17  HLLV  COST  70  IIFT  OTV 
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80  EOTV  CAP  MECOt  COSTFFLT 
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82  TOTAL  POUND  TPIP  TIME 

85  ECTV  total  CAF  COST 
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H5  DIRECT  COST/flT 

86  EOTV  total  COST/FLT 

87  TOTAL  TRANSP  COST 

88  total  TRANSP  COST/KC 

89  AVERAfif/TST  TRIP  TIME  PA 

90  ARRAY  COST/AREA 
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HPD  fOTV  wUh  150*«ilcron  (6-mU)  cell  covers,  no  Annealing,  startup 
deUy,  «nd  solar  array  thernial  degradation  (iOTVM) 
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Ion  engine  (reference)  EOTV  with  75-micron  (S-mil)  cell  covers  and 
solar  array  annealing.  No  thermal  degradation  or  time  oeiay. 


0180-25969-5 
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D1 80-25969-5 
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Ion  engine  (reference)  EOTV  with  75 -mi cron  (3-mil)  cell  cover- 
solar  array  annealing.  No  thermal  degradation  or  time  delay.' 


{pr.YS 


.  Vf*  TP!P  tlM£ 

KPD  EOTV  with  150-raicron  (6-rai1)  cell  covers,  no  annealing. 


0180-25969^5 


Ion  engine  EOTV  with  ISO-micron  (6-mil)  cell 
NO  thermal  degradation  or  time  delay. 


covers. 


no  annealing 


D180-2596« 


Ion  engine  EOTV  with  150-micron  (6-mil)  cell  covers,  no  annealing 
Includes  solar  array  thenr.al  degradation  and  startup  delay. 


MPD  EOTV  with  150-micron  {6-mil)  cell  covers,  no  annealing. 
Includes  solar  array  thermal  degradation  and  time  delay. 


